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There  has  been  considerable  research  into  the  use  of  human  serum  albumin 
microspheres  as  insoluble  drug  carriers  for  controlled  delivery  and  sustained  release 
of  drugs.  Albumin  submicrospheres  synthesized  by  methods  reported  to  date  are 
hydrophobic  and  require  surfactants  for  preparation  of  injectable  aqueous 
dispersions.  Hydrophilic  albumin  microspheres  have  been  recently  synthesized  in 
this  laboratory  and  partially  characterized  but  have  been  restricted  in  size  to  greater 
than  1  |xm. 

A  primary  objective  of  this  study  was  the  development  of  a  method  for  preparing 
hydrophilic  albumin  submicron  spheres  (submicrospheres).  Round  solid 
submicrospheres  suitable  for  investigation  of  systemic  administration  were  readily 
prepared  by  this  method  and  their  properties  investigated. 

xii 


Electron  microscopy  indicated  that  tine  synthesis  is  capable  of  producing  submicro- 
spheres  in  a  wide  size  range  (10  nm  - 1  |xm).  A  variety  of  soluble  and  particulate 
substances,  such  as  polyglutamic  acid,  magnetite  grains,  barium  sulfate,  and 
carboxymethyl  cellulose,  were  successfully  incorporated  by  entrapment  during 
synthesis  in  a  variety  of  concentrations. 

The  hydrophilic  nature  of  the  submicrospheres  reported  here  allows  the 
postsynthesis  incorporation  of  high  concentrations  of  drugs.  For  example, 
submicrospheres  containing  up  to  48  wt  %  of  adriamycin  were  synthesized. 
Submicrospheres  containing  other  drugs  were  also  prepared  and  drug  release 
properties  were  measured  in  vitro  by  a  static  flow  technique. 

In  vitro  uptake  of  submicrospheres  by  rabbit  blood  cells  and  systemic  clearance  of 
isotope-labeled  submicrospheres  in  rabbits  was  studied.  A  low  level  of  uptake  by 
white  cells  was  observed  in  vitro  and  98  %  of  intravenously  administered 
submicrospheres  were  removed  from  the  circulation  in  two  hours. 

Hydrophilic  albumin  microspheres  in  the  1  -  20  |xm  size  range  were  also 
synthesized  to  study  their  biodegradation.  Enzymatic  degradation  was  examined  with 
respect  to  the  effect  of  size,  enzyme  concentration,  and  cross-link  density  on  the  rate 
and  extent  of  degradation.  The  effects  of  size  and  cross-link  density  on  soft  tissue 
degradation  were  also  studied  in  vivo  following  intramuscular  and  intratumorai 
injection  in  mice. 

The  results  of  this  study  indicate  that  albumin  microspheres  and  submicrospheres 
have  significant  potential  as  drug  carriers  for  localized  delivery  and  sustained  release 
of  drugs. 
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CHAPTER        1 
INTRODUCTION 


The  design  of  a  drug  delivery  system  to  obtain  a  higher  therapeutic  index  for  a 
drug  may  be  achieved  by  altering  the  physiological  disposition  and  pharmacokinetics 
of  the  drug.  The  purpose  of  this  research  was  to  study  the  synthesis  and  properties  of 
an  insoluble  particulate  drug  delivery  system,  microspheres,  which  may  be  capable  of 
providing  localized  and  controlled  release  of  drugs,  thereby  affording  greater 
versatility  in  methods  of  administration  as  well  as  increasing  the  therapeutic  index  of 
the  drug. 

The  concepts  of  drug  targeting  and  controlled  release  were  understood  by  the 
practitioners  of  the  Ayurveda  system  of  medicine  in  India  as  early  as  6000  BC  (1).  At 
least  one  of  their  techniques,  that  of  incorporating  drugs  into  oil  particles,  is  similar 
to  techniques  still  used  today  for  prolonging  drug  activity  and  for  forming  drug  depots 
parenterally.  Direct  injection  of  a  drug  -  oil  emulsion  into  a  target  tissue,  an 
apparently  simple  method  of  localization  and  controlled  release,  has  been  shown  to 
prolong  the  retention  time  of  drugs  in  tumors  (2).  The  increase  in  retention  time  of 
bleomycin  in  solid  rat  tumors,  from  a  few  minutes  for  free  drug  to  about  an  hour  for 
the  drug  -  oil  emulsion,  significantly  improved  the  antitumor  activity  of  the  drug. 

Another  consequence  of  drug  localization  would  be  to  decrease  the  systemic 
concentrations  of  the  drug.  Aminoglycoside  antibiotics  such  as  gentamicin  and 
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tobramycin  and  anticancer  drugs  such  as  adriamycin,  methotrexate,  and  cisplatin, 
are  notable  for  their  toxic  side  effects.  Reduction  of  the  toxicities  of  these  drugs  by 
reducing  the  systemic  concentrations  would  enhance  their  clinical  value. 

With  such  benefits  in  mind,  the  use  of  insoluble  systemically  administered  drug 
carriers  for  localization  and  release  of  drugs,  capable  of  parenteral  administration, 
are  attracting  increased  attention.  Particulate  carriers  may  minimize  toxic  side 
effects  and  protect  labile  agents  against  degradation  in  the  blood  since  the  drug  is 
protected  from  the  surrounding  medium.  Many  carrier  systems  have  been  examined, 
principally  synthetic  liposomes  and  polymeric  microspheres. 

Liposomes  are  vesicles  consisting  of  concentric  polar  phospholipid  bilayers 
( commonly  a  mixture  of  phophatidylserine  and  phosphatidylcholine ),  varying  in  size 
from  1 0  nm  for  unilamellar  vesicles  to  several  microns  for  multilamellar  vesicles. 
Liposome  carriers  can  encapsulate  a  large  volume  of  drug  (3),  but  suffer  from  the 
problem  of  rapid  clearance  by  the  reticuloendothelial  system,  regardless  of  size  and 
surface  charge,  e.g.,  a  maximum  circulatory  half-life  of  16  hours  with  <1p.m 
unilamellar  liposomes  consisting  of  sphingomyelin  and  cholesterol  (4,5).  The  larger 
liposomes  are  preferentially  retained  in  the  lungs  and  the  smaller  liposomes  in  the 
liver  and  spleen  (6).  Although  liposomes  have  proved  to  be  proficient  at  localizing 
drugs  in  the  lungs  (7),  they  offer  little  advantage  for  drugs  whose  target  areas  are 
elsewhere  in  the  body.  Other  disadvantages  of  the  liposome  carriers  include  the 
spontaneous  leakage  of  the  entrapped  agent,  a  relatively  inert  surface  limiting  further 
surface  chemistry,  and  poor  stability  of  the  vesicle. 


Microspheres,  unlike  tiie  capsular  liposomes,  consist  of  porous  matrices  throughout 
the  entire  volume  of  the  carrier,  with  the  loaded  agent  dispersed  through  the  matrix  of 
the  carrier  or  bound  to  the  surface. 

Solid  polymeric  microspheres  consisting  of  polyalkylcyanoacrylates  (8,9), 
polystyrene  (10),  polymethylmethacrylate  (11,12),  and  others  have  been  studied  as 
drug  carriers  in  biological  systems.  Despite  having  other  specialized  uses  (13),  all 
have  serious  inadequacies  as  drug  carriers  because  of  resistance  to  biodegradation, 
inability  to  load  significant  quantities  of  drug,  inert  surfaces,  or  inherent 
hydrophobicity.  To  date,  the  only  microspheres  combining  hydrophilicity,  ability  to 
load  a  large  quantity  of  drug,  and  exhibit  biodegrability  have  been  microspheres  of 
cross-linked  dextran  or  serum  albumin. 

Both  dextran  and  albumin  are  degraded  in  vivo.  Biodegrability  of  cross-link 
microspheres  is  a  function  of  cross-linking  density  and  accessability  to  degradative 
enzymes  (14).  Serum  albumin  Is  a  natural  circulatory  drug  carrier  (15,16). 
Equilibrium  binding  to  various  agents  depends  on  hydrophobic  and  electrostatic 
interactions  (17),  thereby  minimizing  the  need  for  covalent  binding  between  drug  and 
carrier  and  facilitating  drug  release. 

Hydrophilic  albumin  microspheres  in  the  size  range  of  1-200p,m  have  been 
prepared  and  studied  by  Longo  etal.  (18).  Some  drug  uptake  and  in  vitro  release 
parameters  have  been  characterized.  An  additional  refinement  has  been  the 
incorporation  of  polyglutamic  acid  to  promote  ion-exchange  as  the  primary 
mechanism  of  drug  binding  and  release  (1 9).  Albumin  spheres  containing  20% 


polyglutamic  acid  by  weight  can  bind  adriamycin  from  solution  to  a  concentration  of 
40%  of  the  final  loaded  weight  of  the  sphere  (  double  the  amount  absorbed  by  albumin 
spheres  without  polyglutamic  acid ).  Drug  release  is  then  dependent  upon  the  ionic 
strength  and  the  rate  of  fluid  turn  over  of  the  surrounding  medium. 

The  dominant  mechanism  of  removal  of  spheres  from  the  circulation  following 
intravenous  or  intraarterial  injection  is,  as  with  liposomes,  size  dependent  filtration 
in  capillary  beds,  primarily  in  the  lungs,  liver,  and  spleen  (20).  The  kinetics  of 
removal  from  circulation  have  been  well  characterized  for  polystyrene  spheres  with 
a  diameter  of  at  least  1  |j.m  (10,20,21).  For  spheres  less  than  10  ^m  diameter,  there 
appears  to  be  no  difference  between  intraarterial  and  intravenous  administration 
when  injected  into  beagle  dogs.  The  circulatory  half-life  of  3.4  p,m  spheres  is 
reported  to  be  1 .6  and  1 .7  min  from  the  venous  and  arterial  circulation,  respectively. 
Microspheres  >8M.m  were  preferentially  retained  in  the  lungs,  while  smaller 
spheres  gradually  cleared  the  lungs  and  were  retained  by  the  liver  and  spleen  (22). 
The  unavoidable  mechanical  filtration  that  occurs  in  the  reticuloendothelial  system 
has  relegated  microspheres  >1p.m  to  delivery  of  drugs  to  the  lungs  and  liver  or  for 
establishing  an  immobilized  drug  depot,  e.g.,  via  intramuscular  injection,  or  to 
non-parenteral  routes  such  as  oral  and  topical  administration,  and  has  spurred 
development  of  smaller  microspheres,  called  nanoparticles,  for  improved 
systemically  administered  drug  delivery  systems. 

Nanoparticles  reported  to  date  are  primarily  of  polymethylmethacrylate  (12)  and 
polyalkylcyanoacrylates  (23).  Polymethylmethacrylate  nanoparticles  (80  and 
150nm  diameter)  have  been  injected  i.v.  in  rats  and  mice  and  the  elimination  and 


distribution  of  the  particles  examined  (12,22).  For  both  sizes,  not  more  than  0.3% 
of  the  administrated  dose  remained  in  circulation  after  30  minutes.  The  particles 
were  initially  localized  primarily  in  the  lungs  and  liver,  but  were  redistributed  with 
time.  After  several  days,  the  number  of  spheres  decreased  in  the  lungs,  greatly 
increased  in  the  liver  and    slightly  increased  in  the  spleen  and  bones.  Since 
emulsifying  agents  appear  to  play  a  role  in  the  removal  of  lipid  substances  from  the 
blood  stream,  it  was  anticipated  that  adsorbed  surfactants  could  influence  the 
clearance  of  nanoparticles.  Leu  et  al.  (22)  studied  polymethylmethacrylate 
nanoparticles  coated  with  albumin  and  Poloxamer  188  (an  emulsifying  agent)  and 
found  that  the  Poloxamer  coated  particles  were  retained  in  the  blood  tonger,  but  still 
only  1%  remained  after  2  hr.  Although  albumin  has  been  shown  to  prevent  platelet 
adhesion  and  to  enhance  the  biocompatibility  of  some  materials,  albumin  coating  of  the 
particles  did  not  appear  to  significantly  alter  circulatory  life.  Hydrophilic  albumin 
nanoparticles  have  not  been  reported  in  the  literature  as  yet.  Preparation  of 
hydrophilic  albumin  nanoparticles  analogous  to  the  Goldberg  et  al.  (1 9)  microspheres 
would  be  important  to  enable  investigation  of  the  interactions  of  such  nanoparticles 
with  blood  components  and  possible  enhancement  of  circulatory  lifetimes. 

Despite  the  indicated  problems  with  available  nanoparticles,  some  in  vivo 
applications  have  been  explored.  Split  infuenza  vaccines  have  been  bound  to 
polymethylmethacrylate  nanoparticles  (80-200nm  diameter)  (24).  When  injected 
into  mice  and  guinea  pigs,  the  polymer  adjuvant  yielded  higher  antibody  titers  than 
aluminum  hydroxide  adjuvant  or  fluid  vaccines  (25).  In  addition,  the  particulate 


polymer  vaccines  were  more  stable  against  temperature  inactivation  than  were 
vaccines  with  aluminum  hydroxide  or  without  adjuvants  (26). 

Strategies  for  targeting  spheres  depend  on  the  intended  application,  e.g.,  direct 
local  depot  injection  of  spheres  larger  than  1  p.m  (1 8)  or  coating  the  spheres  with 
antilx)dies.  Another  interesting  approach  is  the  incorporation  of  magnetic  iron  oxide 
Into  the  particles  and  then  using  an  extracorporealiy  applied  magnetic  field  to  localize 
the  particles.  Such  a  technique  was  designed  for  use  with  microspheres  >1|im  by 
Widder  etal.  (27).  The  spheres  studied,  however,  were  produced  by  heat  denaturation 
of  aqueous  albumin  dispersed  in  cotton  seed  oil.  Due  to  the  suspending  medium  and  the 
method  of  denaturing  the  albumin,  this  method  of  synthesis  produces  hydrophobic 
spheres  1-10M.m  in  diameter.  Spheres  of  this  type  are  rapidly  removed  from 
circulation  and  ail  spheres  not  trapped  in  the  first  pass  through  the  magnetic  field  are 
lost  to  the  reticuloendothelial  system. 

In  one  study,  adriamycin-bearing  magnetic  spheres  were  infused  into  the  caudal 
vein  directly  below  a  tumor  target  area  and  were  targeted  by  placing  a  permanent 
magnet  over  the  tumor.  Up  to  90%  of  the  spheres  were  retained  in  the  target  area  and 
80%  tumor  regression  was  obtained  in  non-metastatic  solid  sarcomas  of  the  upper 
tail  segments  of  rats  (28).  However,  this  model  was  designed  for  optimal  retention  of 
the  spheres  in  the  target  area  and  such  a  situation  would  rarely  exist  naturally. 

Sugibayashi,  etal.  (29)  used  the  same  technique  for  a  deeper  tissue  model  ( lung 
metastases  in  rats )  and  showed  only  a  slight  increase  in  drug  concentration  and  no 
regressions  of  the  tumors.  Powerful  electromagnets  have  been  constructed  capable  of 
focusing  a  sufficient  magnetic  field  at  any  depth  of  the  body,  but  the  short  circulation 


time  of  currently  available  microspheres  virtually  necessitates  direct  cannulation 
and  infusion  of  the  target  area  with  the  spheres.  Nanoparticles  with  a  longer 
circulatory  retention  should  be  able  to  circulate  until  trapped  in  a  magnetic  field  and 
localize  in  more  inaccessible  tumors. 

In  view  of  the  foregoing,  it  appears  that  opportunities  for  improved  drug  delivery 
systems  as  well  as  adjuvants  and  diagnostics  exist  using  hydrophiiic  microsphere 
compositions.  The  fact  that  albumin  is  itself  a  natural  circulatory  protein  and  lends 
itself  to  microsphere  synthesis,  and  that  such  systems  could  even  utilize  individual 
patient  albumin  specimens  under  certain  therapeutic  or  diagnostic  circumstances, 
makes  further  investigations  of  the  synthesis  and  behavior  of  albumin  microspheres  a 
potentially  fruitful  research  topic. 

This  study  concerns  the  development  of  a  new  method  for  preparing  hydrophiiic 
albumin  submicron  spheres  (submicrospheres).  The  method  developed  is  based  on  a 
modification  of  the  Longo  (18)  steric  stabilization  technique.  Electron  microscopy  and 
photon  correlation  spectroscopy  were  used  to  determine  size  distribution  and 
morphology. 

Albumin  microspheres  synthesized  in  this  study  were  used  to  bind  drugs  such  as 
adriamycin,  primaquine,  and  cis-platinum.  Drug  release  properties  were  measured 
in  vitro.  Incorporation  of  insoluble  material  was  also  studied  by  incorporation  of 
barium  sulfate  and  magnetite. 

Microspeheres  were  synthesized  with  varying  cross-link  densities  to  study  the 
effect  of  cross-link  density  on  the  rate  and  extent  of  enzymatic  degradation.  The  effect 
of  enzymatic  degradation  on  the  release  of  primaquine  and  a  high  molecular 
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weight  drug  model,  carboxymethyl  cellulose,  was  also  studied.  The  effect  of  size  and 
cross-link  density  on  in  vivo  degradation  was  studied  following  intramuscular  and 
intratumorai  injection  of  microspheres  into  mice. 

In  vitro  phagocytosis  of  submicrospheres  by  rabbit  blood  cells  was  compared  by 
TEM  to  the  phagocytosis  of  10  p.m  microspheres.  Circulatory  clearance  of  14-C 
labeled  submicrospheres  following  intravenous  administration  in  rabbits  was 
examined  to  investigate  the  suitability  of  systemic  administration  of  hydrophilic 
albumin  submicrospheres. 


CHAPTER         2 
MATERIALS  AND  METHODS 


2.1   Syntheses  of  Albumin  Spheres 

2.1 .1   Submicron  (<1  \im)  Albumin  Spheres 

Human  serum  albumin  (0.6g)  (Sigma,  recrystallized  and  lyophilized)  was 
dissolved  in  2.0  ml  of  distilled  water.  This  solution  was  added  to  a  300  ml  Labconco 
lyophilization  flask  containing  50  ml  of  a  2  wt  %  solution  of  cellulose  acetate  butyrate 
(CAB)  (MW  65,000)  (Polyscience)  in  dichloroethane  (Fisher  Scientific).  The 
suspension  was  dispersed  by  ultrasonification  (Heat  Systems-Ultrasonics  Inc.  Model 
W-375  with  a  Q-horn  probe)  for  1 0  min  at  375  watts  while  cooling  the  dispersion 
flask  with  ice.  The  dispersate  was  added  to  a  250  ml  flask  containing  1 1 0  ml  of  2  % 
CAB  in  dichloroethane  and  stirred  rapidly  with  a  magnetic  stirrer  (Corning,  Model 
PC-351). 

Aqueous  glutaraldehyde,  10  ml,  (25  wt  %)  (Polyscience)  and  50  ml  of  toluene 
were  combined  in  a  100  ml  centrifuge  tube.  The  two  phases  were  dispersed  by 
ultrasonification  (15  sec  at  200  W).  The  dispersion  was  allowed  to  phase  separate  and 
40  ml  of  the  toluene  phase,  saturated  with  glutaraldehyde,  was  combined  with  the 
rapidly  stirred  albumin  dispersate.  After  stirring  rapidly  for  2  hrs  at  room 
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temperature,  the  dispersate  was  transferred  to  six  screw-cap  50  ml  test  tubes  and 
the  cross-linking  reaction  was  completed  while  being  gently  mixed  with  a  rotary 
mixer  (Labquake  Industries)  for  12  hrs  at  room  temperature. 

The  resulting  sphere  suspension  was  recombined  in  a  1  liter  beaker  and  diluted  to 
400  ml  with  acetone  and  washed  to  remove  the  CAB  dispersant  by  centrifuging  at 
SO.OOOgi  for  30  min  (Beckman  J2-21  Centrifuge  with  a  JA-17  Rotor)  and 
resuspending  the  pellet  in  40  ml  of  acetone.  After  washing  the  spheres  four  times  in 
this  way,  the  spheres  were  fractioned  by  size  by  being  suspended  in  95  %  ethanol  and 
centrifuged  at  3500g  forlO  min.  The  pellet  was  discarded  and  the  supernatant  was 
centrifuged  at  50,000^  for  30  min  and  washed  twice  with  distilled  water.  The 
product  was  a  light  brown  suspension  obtained  in  a  50  %  yield  (0.301  g).  The  yield 
was  determined  by  placing  a  200  nl  aliquot  of  spheres  on  a  tared  microscope  slide, 
drying,  and  weighing  the  residue.  The  number  average  diameter  was  82  nm  and  the 
volume  average  diameter  was  92  nm  as  determined  by  transmission  electron 
microscopy  in  Section  2.2.1  (Figures  1-4). 

After  the  last  centrifugation,  the  spheres  were  resuspended  in  10  %  dextran 
(Sigma,  mw.^500,000).  The  spheres  were  then  lyophilized  and  stored  at  room 

temperature  in  a  dessicator. 

2.1 .2  Polvanionic  Albumin  Submicrosoheres  /  20%  Polvqiutamic  Add  (PGA^ 

Human  serum  albumin  (0.48  g)  and  poiyglutamic  acid  (0.12  g)  (Sigma)  were 
dissolved  in  2.0  mi  of  distilled  water.  This  solution  was  added  to     50  ml  of  2  wt  % 
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CAB  in  dichloroethane  and  dispersed  by  ultrasonification  at  375  W  for  10  min.  After 
uitrasonification,  the  dispersate  was  added  to  a  rapidly  stirred  solution  containing 
11 0  ml  of  2  wt  %  CAB  in  dichloroethane  and  40  ml  of  the  toluene-glutaraldehyde 
solution  described  in  Section  2.1 .1 .  The  solution  was  stirred  rapidly  for  2  hrs,  then 
transferred  to  a  rotary  mixer  and  mixed  overmight  at  room  temperature.  The  spheres 
were  then  washed  with  acetone  as  in  Section  2.1.1,  and  stored  at  room  temperature  in 
acetone. 

The  product  was  a  light  brown  suspension  obtained  in  a  yield  of  46  %  (275  mg). 
The  spheres  had  an  average  diameter  of  83  nm  (Figure  5)  as  determined  by  TEM  in 
Section  2.2.1 . 

2.1 .3     Maaneticaliv  Responsive  Submicrospheres  / 1 6%  Mannetite 
Human  serum  albumin  (0.5  g)  was  dissolved  in  1 .6  ml  of  distilled  water. 

Magnetite  (Y-Fe3O4)(0.48  g  of  a  21  wt  %  suspension  in  0.1  wt  %  bovine  serum 

albumin)  (Bioclinical  Group,  Inc.)  was  added  and  mixed  to  homogeneity.  The 
suspension  was  dispersed  in  50  ml  of  2  wt  %  CAB  in  dichloroethane  by 
ultrasonification  at  375  W  for  1 0  min.  After  ultrasonification,  the  dispersate  was 
added  to  a  rapidly  stirred  solution  containing  1 10  ml  of  2  wt  %  CAB  in  dichloroethane 
and  40  ml  of  the  toluene-  glutaraldehyde  solution  described  in  Section  2.1 .1 .  The 
dispersate  was  cross-linked  at  room  temperature,  washed  free  of  polymer  as  in 
Section  2.1 .1 ,  and  allowed  to  settle  overnight.  The  precipitate  was  discarded  and  the 
supernatant  stored  at  room  temperature  in  acetone. 
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The  product  was  a  light  brown  suspension  in  a  40  %  yield  (238  mg) .  The  spheres 
had  an  average  diameter  of  82  nm  (Figure  6)  as  determined  by  TEM  in  Section  2.2.1 
and  contained  1 6  wt  %  magnetite,  as  confirmed  by  analysis  of  the  iron  content  by 
inductively  coupled  plasma. 

2.1 .4  Radiopaaue  Submicrospherfis  /  2%  Barium  Sulfatft 

Human  serum  albumin  (0.588  g)  was  dissolved  in  1 .9  ml  of  distilled  water. 
Barium  sulfate  (0.012  g)  (Sigma)  was  added  and  mixed  to  homogeneity.  The 
suspension  was  dispersed  in  50  ml  of  2  wt  %  CAB  in  dichloroethane  by 
ultrasonification  at  375  W  for  10  min.  After  ultrasonification,  the  dispersate  was 
added  to  a  rapidly  stirred  solution  containing  1 10  ml  of  2  wt  %  CAB  in  dichloroethane 
and  40  ml  of  the  toluene-  glutaraldehyde  solution  described  in  Section  2.1 .1 .  The 
dispersate  was  cross-linked  at  room  temperature,  washed  free  of  polymer,  and  sized, 
as  in  Section  2.1.3,  and  stored  at  room  temperature  in  acetone. 

The  final  product  was  a  light  brown  suspension  obtained  in  a  32  %  yield 
(231  mg),  containing  2  wt  %  barium  sulfate,  with  an  average  diameter  of  90  nm 
(Figure  7)  as  determined  by  TEM  in  Section  2.2.1. 

2.1 .5  Fluorescent.  Maximum  Cross-Link  Density  Submicrospheres/  4%  FiunrpRnPin 

Isothiocvanate-Alhumin 

Bovine  serum  albumin  (0.475  gm)  and  fluorescein  isothiocyanate  bovine  albumin 
(0.025  gm)  (Sigma)  were  dissolved  in  1 .667  ml  of  distilled  water.  This  solution  was 
dispersed  into  30  ml  of  2  wt  %  CAB  in  dichloroethane  by  ultrasonification  at  375  W 
for  10  min.  After  ultrasonification,  7.5  ml  of  the  toluene-glutaraldehyde  solution 
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described  in  Section  2.1 .1  was  added  and  the  suspension  mixed  rapidly  at  room 
temperature  for  20  hrs.  The  dispersate  was  washed  and  sized  as  in  Section  2.1 .1  and 
stored  at  room  temperature  in  acetone. 

The  final  product  was  a  light  yellow  suspension  obtained  in  a  51  %  yield 
(0.255  gm)  with  an  average  diameter  of  89  nm  (Figure  8)  as  determined  by  TEM  in 
Section  2.2.1  and  with  maximum  cross-link  density. 

2.1 .6  Microspheres  (>^  \im) 

Human  serum  albumin  (1 .0  gm)  was  dissolved  in  3.333  ml  of  distilled  water  and 
dispersed  in  30  ml  of  2  wt  %  CAB  in  dichloroethane  by  vortex  mixing  in  a  50  ml 
centrifuge  tube  at  maximum  power  for  10  min  (Vortex-Genie,  Scientific  Industries, 
Inc.).  After  dispersing,  15  ml  of  the  toluene-glutaraldehyde  solution  described  in 
Section  2.1 .1  was  added  and  the  dispersate  mixed  overnight  on  a  rotary  mixer.  The 
polymer  was  removed  by  suspending  the  spheres  in  acetone  and  centrifuging  at  ^300g 
for  10  min.  After  washing  four  times  in  this  manner,  the  spheres  were  resuspended 
in  acetone  and  stored  at  room  temperature. 

The  product  was  a  light  brown  suspension  obtained  in  a  yield  of  92  wt  %  (0.92  gm) 
with  an  average  diameter  of  14  p.m  as  determined  by  light  microscopy  in  Section 
2.2.1. 

2.1 .7  Polvanionic  Microspheres  /  20  %  PGA 

Human  serum  albumin  (0.8  gm)  and  PGA  (0.2  gm)  were  dissolved  in  3.333  ml  of 
distilled  water.  The  solution  was  dispersed  in  30  ml  of   2  wt  %  CAB  in  dichloroethane 
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by  vortex  mixing  in  a  50  ml  centrifuge  tube  at  maximum  power  for  10  min.  After 
dispersing,  15  ml  of  the  toluene-glutaraldehyde  solution  described  in  in  Section  2.1.1 
was  added  and  tfie  dispersate  mixed  overnight  on  a  rotary  mixer.  The  spheres  were 
washed  as  in  Section  2.1 .6  and  stored  at  room  temperature  in  acetone. 

The  product  was  a  light  brown  suspension  obtained  in  a  97  %  yield  (0.97  gm).  The 
spheres  had  an  average  diameter  of  1 2  ^.m  as  determined  by  light  microscopy  in 
Section  2.2.1 . 

2.1.8  Fluorescent.  Minimum  Cross-Link  DenRitv  Microspheres  /  4  %  Fluorftscein 
Isothiocvanate-Alhumin 

Bovine  serum  albumin  (0.96  gm)  and  fluorescein  isothiocyanate-  albumin 

(0.04  gm)  were  dissolved  in  3.333  ml  of  distilled  water.  The  suspension  was 

dispersed  in  30  ml  of  2  wt  %  CAB  in  dichloroethane  by  vortex  mixing  in  a  50  ml 

centrifuge  tube  at  maximum  power  for  1 0  min.  After  dispersing,  2  ml  of  the 

toluene-glutaraldehyde  solution  described  in  Section  2.1.1  (0.28  mmoles 

glutaraldehyde)  was  added  and  the  dispersate  mixed  overnight  on  a  rotary  mixer.  The 

polymer  was  removed  by  suspending  the  spheres  in  acetone  and  centrifugung  at  1300fir 

for  10  min.  After  washing  the  spheres  four  times  in  this  manner,  the  spheres  were 

suspended  in  30  ml  of  distilled  water  and  centrifuged  for  1 5  sec  at  260g.    The  pellet 

was  discarded  and  the  supernatant  was  centrifuged  at  520g  for  30  sec.  This  pellet 

was  resuspended  in  acetone,  had  an  average  diameter  of  20  urn  (10-  30  jim 

diameter),  and  stored  at  room  temperature.  The  supernatant  was  centrifuged  at  lOOOflf 
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for  30  sec.  The  pellet  was  discarded  and  the  supernatant  was  centrifuged  at  1300g  for 
10  min.  The  pellet  was  resuspended  In  acetone,  had  an  average  diameter  of  1  nm 
(0.5-3.0  |a.m  diameter),  and  stored  at  room  temperature.  Sizing  was  by  light 
microscopy  as  in  Section  2.2.1 . 

The  products  were  light  yellow  suspensions  obtained  in  yields  of  41  %  (0.41  gm) 
for  the  20  nm  spheres  and  1 7  %  (0.1 7  gm  )  for  the  1  ^.m  spheres,  and  with  the 
minimum  cross-link  density  needed  for  sphere  formation. 


2.1 .9  Fluorescent.  Intermediate  Cross-Link  Density  Microspheres  /  4  %  Fluorescfiin 
Isothiocvanate-Albumin 

Bovine  serum  albumin  (0.96  gm)  and  fluorescein  isothiocyanate-  albumin  were 
dissolved  in  3.333  ml  of  distilled  water.  The  suspension  was  dispersed  in  30  ml  of 
2  wt  %  CAB  in  dichloroethane  by  vortex  mixing  in  a  50  ml  centrifuge  tube  at 
maximum  power  for  10  min.  After  dispersing,  4  ml  of  the  toluene-glutaraldehyde 
solution  described  in  Section  2.1 .1  (0.56  mmoies  glutaraldehyde)  was  added  and  the 
dispersate  mixed  overnight  on  a  rotary  mixer.  The  spheres  were  washed  and  sized  as 
in  Section  2.1 .8  and  stored  at  room  temperature  in  acetone. 

The  products  were  light  yellow  suspensions  obtained  in  a  47  %  yield  (0.47  gm) 
for  the  20  |i.m  spheres  and  a  21  %  yield  (0.21  gm)  for  the  1  nm  spheres,  and  with 
twice  the  minimum  cross-link  density  needed  for  sphere  formation. 
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2.1 .10  Fluorescent.  Maximum  Cross-Link  Density  Microsphfirfts  /  4  %  Fluorftsrftin 

Isothiocvanate-Albumin 

Bovine  serum  albumin  (0.96  gm)  and  fluorescein  isothiocyanate-albumin 
(0.04  gm)  were  dissolved  in  3.333  ml  of  distilled  water.  The  solution  was  dispersed 
in  30  ml  of  2  wt  %  CAB  in  dichloroethane  by  vortex  mixing  in  a  50  ml  centrifuge 
tube  at  maximum  power  for  10  min.  After  dispersing,  15  ml  of  the  toluene- 
glutaraldehyde  solution  described  in  Section  2.1 .1  (2.1  mmoles  glutaraldehyde)  was 
added  and  the  dispersate  mixed  over  night  on  a  rotary  mixer.  The  spheres  were  washed 
and  sized  as  in  Section  2.1 .8  and  stored  at  room  temperature  in  acetone. 

The  products  were  light  yellow  suspensions  obtained  in  a  40  %  yield  (0.40  gm) 
for  the  20  M-m  spheres  and  a  22  %  yield  (0.22  gm  )  for  the  1  ^.m  spheres  and  with  all 
possible  cross-link  sites  saturated. 

2.1 .1 1  Fluorescent.  Supersaturation  Cross-Link  Density  Microspheres  /  4  % 

Fluorescein  Isothiocvanate-Albumin 

Bovine  serum  albumin  (0.96  gm)  and  fluorescein  isothiocyanate-albumin 
(0.04  gm)  were  dissolved  in  3.333  ml  of  distilled  water.  The  solution  was  dispersed 
in  30  ml  of  2  wt  %  CAB  in  dichloroethane  by  vortex  mixing  in  a  50  ml  centrifuge  tube 
at  maximum  power  for  1 0  min.  After  dispersing,  20  ml  of  the  toluene-glutaraldehyde 
solution  described  in  Section  2.1 .1  (2.8  mmoles  glutaraldehyde)  was  added  and  the 
dispersate  mixed  overnight  on  a  rotary  mixer.  The  spheres  were  washed  and  sized  as 
in  Section  2.1.8  and  stored  in  acetone  at  room  temperature. 

The  products  were  light  yellow  suspensions  obtained  in  a  40  %  yield  (  0.40  gm) 
for  the  20  ^m  spheres  and  a  29  %  yield  (  0.29  gm)  for  the  1  |i,m  spheres  and  with 
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1 .3  times  more  cross-linking  agent  added  than  the  amount  that  was  designated  a 
saturating  concentration. 

2.1 .12  Polvanionic.  Magnetically  Responsive.  Albumin  MicrospherRs  / 
22%  PolvoltJtamic  Acid.  17  %  Mannetite 

Human  serum  albumin  (0.19  gm)  and  polyglutamic  acid  (0.06  gm)  were  dissolved 
in  0.8  ml  of  distilled  water.  Magnetite  (0.24  gm  of  a  21  wt  %  suspension)  was  added 
and  the  suspension  mixed  to  homogeneity.  The  suspension  was  dispersed  in  20  ml  of 
2  wt  %  CAB  in  dichloroethane  by  vortex  mixing  in  a  50  ml  centrifuge  tube  at 
maximum  power  for  10  min.  After  dispersing,  5  ml  of  the  toluene  glutaraldehyde 
solution  described  in  Section  2.1 .1  was  added  and  the  dispersate  mixed  overnight  on  a 
rotary  mixer.  The  spheres  were  washed  as  in  Section  2.1 .6  and  resuspended  in  acetone 
and  stored  at  room  temperature. 

The  product  was  a  dark  brown  suspension  obtained  in  a  yield  of  98  %  (0.268  gm). 
The  spheres  had  an  average  diamete  of  14  p.m  (Figure  9)  as  determined  by  light 
microscopy  in  Section  2.2.1 . 


2.2  Characterization  bv  Light  and  Electron  Microscopy 

2.2.1   Size  Deteremination  of  Spheres 

The  microspheres  (>1  jim)  produced  in  Sections  2.1 .6-2.1 .12  were  sized  while  in 
water.  The  microspheres  were  suspended  in  distilled  water,  placed  on  a  microscope 
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slide,  and  covered  with  a  glass  cover  slip.  The  spheres  were  examined  on  a  Nikon  light 
microscope  and  size  was  measured  with  an  ocular  micrometer.  At  least  100  spheres 
were  examined. 

While  not  used  for  sizing,  microspheres  were  also  prepared  for  scanning  electron 
microscopy  by  suspending  the  spheres  in  acetone,  placing  a  drop  on  an  aluminum  SEM 
stub,  and  drying  at  room  temperature  under  vacuum.  A  200  A  coating  of 
gold-palladium  was  applied  with  a  sputter  coater  (Hummer  V).  Samples  were 
examined  with  a  JOEL  JSM-35CF  scanning  electron  microscope  at  20  l<V. 

Submicrospheres  (<1  |j,m)  produced  in  sections  2.1 .1  -  2.1 .5  were  suspended  in 
acetone,  dried  on  cartxjn  coated  copper  grids  (200  mesh),  and  examined  on  a  JOEL 
JEM-200CX  transmission  electron  microscope  at  80  kV.  At  least  100  spheres  were 
photographed  and  measured. 

The  Z-average  diameter  of  wet  submicrospheres  from  Section  2.1 .1  -  2.1 .5  was 
measured  by  analysis  with  a  Photon  Correlation  Spectrometer  (Brookhaven)  at 
514.5  nm.  The  spheres  were  suspended  in  distilled  water  and  analyzed  at  25°C. 

2.2.2  Effect  of  Size  and  Cross-Link  Density  on  Hydration  Swellinti 

Spheres  synthesized  in  Section  2.1 .8,  with  minimum  cross-link  density,  were 
suspended  In  acetone  and  a  few  drops  of  the  suspension  applied  to  a  glass  microscope 
slide.  The  slide  was  air  dried  for  5  minutes  and  covered  with  a  glass  cover  slip.  Using 
a  Nikon  light  microscope,  a  cluster  of  five  to  ten  spheres  was  selected  and  the 
diameters  of  the  spheres  measured  using  an  ocular  micrometer.  A  drop  of  0.9%  saline 
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was  placed  on  the  edge  of  the  cover  slip  and  allowed  to  diffuse  across  the  slide,  under 
the  cover  slip,  while  the  cluster  of  spheres  was  maintained  in  view.  When  the  saline 
reached  the  spheres,  the  spheres  were  observed  to  swell.  The  spheres  were  allowed  to 
rehydrate  for  5  minutes  and  were  sized  again  with  the  ocular  micrometer.  This 
procedure  was  repeated  until  at  least  50  spheres  had  been  examined  (Figure  10-11). 
The  percent  increase  in  diameter  due  to  hydration  swelling  was  calculated  and  plotted 
versus  the  dry  diameters  of  the  spheres  (Figure  12). 

The  above  procedure  was  repeated  with  intermediate  cross-link  density  spheres 
from  Section  2.1 .9  and  with  maximum  cross-link  density  spheres  from  Section 
2.1 .10.  The  above  procedure  measured  spheres  of  chosen  diameters. 


2.3  Glycine  Quenching  and  14-C  Labelinn  of  Reactivfi  Aldehvde  Groups 

Submicron  spheres  (130  mg)  synthesized  in  Sections  2.1 .1  -  2.1 .5  and  stored  in 
acetone  were  centrifuged  at  50,000g   for  30  min.  The  pellet  was  resuspended  in 
20  ml  of  distilled  water,  centrifuged  at  50,000fl  for  30  min  and  resuspended  again  in 
4  ml  of  water.  The  suspension  was  added  to  10  ml  of  2  M  glycine  (Sigma)  in  a  50  ml 
test  tube  and  mixed  on  a  rotary  mixer  for  18  h  at  room  temperature. 

The  spheres  were  washed  four  times  by  centrifuging  at  50,000g  for  30  min  and 
resuspending  the  pellet  in  20  ml  of  water.  After  the  last  centrifugation,  the  spheres 
were  resuspended  and  stored  at  room  temperature  in  acetone.  In  this  way,  reactive 
surface  aldehyde  groups  were  capped  with  glycine  (Figure  13). 
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Alternatively,  the  4  ml  sphere  solution  was  added  to  0.4  ml  of  14-C(U)-glycine 
(100  |xCi/0.86  nmo!e/ml  water)  (New  England  Nuclear)  in  a  5  ml  vial  and  mixed  on 
a  rotary  mixer  for  1 8  hrs  at  room  temperature. 

The  spheres  were  repeatedly  washed  with  distilled  water  by  centrifuging  at 
50,000g  for  30  min  and  resuspending  the  pellet  in  20  ml  of  distilled  water,  until  the 
total  free  14-C  glycine  in  the  supernatant  was  less  than  5  %  of  the  total  remaining 
14-C  label,  as  determined  by  oxidation  and  liquid  scintillation  (see  Section  2.10.2). 
After  the  last  centrifugation,  the  14-C  labelled  spheres  were  resuspended  in  4  ml  of 
distilled  water  and  stored  at  4  °C  .  In  this  way,  reactive  surface  aldehydes  were  capped 
with  glycine  and  the  spheres  were  labeled  with  14-C. 


2.4  Drv  Storaoe  of  Submicrosoheres 

Submicrospheres  (20  mg)  synthesized  in  Section  2.1.1  were  resuspended  in  5  ml 
of  0.1%,  1 .0%  and  1 0.0%  solutions  of  dextran  (1 00,000  MW,  Sigma)  in  distilled 
water.  Each  suspension  was  divided  in  half;  one  half  remained  at  room  temperature 
while  the  other  half  was  frozen  at  -20°C  and  lyophilized  to  dryness.  The  dried 
suspension  was  reconstituted  with  2.5  ml  of  distilled  water,  gently  mixed  by  hand,  and 
visually  compared  to  the  equivalent  suspension  that  had  not  been  dried.  The  solutions 
were  scored  on  the  following  basis:  *  -  completely  reconstituted,  **  -  mostly 
reconstituted,  *"  -  mostly  unreconstituted,  and  "**  -  completely  unreconstituted. 
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This  procedure  was  repeated  with  0.1%,  1 .0%,  and  10.0%  aqueous  solutions  of 
polyethylene  glycol  (6000  MW,  Sigma ),  bovine  serum  albumin  (Sigma), 
polyoxyethylene  (20)  sorbitan  mono-oleate  (Fisher  Scientific),  and  sodium  chloride 
(Table  1). 

2.5  In  Vitro  Denradation  of  Albumin  Microspheres 

2.5.1   Effect  of  Size  on  the  Rate  of  Enzvmatic  Degradation  of  Albumin  Microspheres 

Cysteine  (80  mg)(Sigma)  and  50  mg  of  submicron  spheres  (29  mg/ml) 
synthesized  in  Section  2.1 .5,  with  maximum  cross-link  density  and  containing 
4  wt  %  fluorescein  isothiocyanate-albumin,  were  added  to  1 0  ml  of  the  reaction 
buffer  in  a  50  ml  test  tube  and  distilled  water  added  to  bring  the  final  volume  to  12.5 
ml.  The  reaction  buffer  consisted  of  sodium  (tetra)  ethylenediamine  tetraacetate 
(0.719  gm)  (Fisher  Scientific)  and  tris(hydroxymethyl)amino-  methane 
(0.605  mg)  (Sigma)  dissolved  in  100  ml  of  distilled  water.  This  buffer  was  used  for 
all  degradation  reactions.  The  pH  was  adjusted  to  7.5  with  either  0.1  N  HCI  or  0.1  N 
NaOH.  Papain  (300  units/ml)  (Sigma)  was  diluted  1 :100  with  reaction  buffer. 
While  the  mixture  was  stirred  with  a  magnetic  stirrer,  1 .0  ml  of  diluted  papain 
(3  units/ml)  was  added.  After  the  enzyme  was  added,  the  solution  was  stirred  for 
20  hrs;  a  0.65  ml  aliquot  was  removed  every  15  min  for  2  hrs  and  once  every  6  hrs 
after  that.  The  samples  were  centrifuged  at  SO.OOOg  for  5  min  and  the  supernatants 
(0.55  ml)  were  diluted  with  1 .0  ml  of  distilled  water  and  assayed  spectro- 
photometrically  at  495  nm.  Absorbance  at  495  nm  was  plotted  versus  time  to 
compare  rates  of  degradation  (Figure  14). 
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The  above  procedure  was  repeated  with  50  mg  of  20  \im  spheres(25  mg/ml) 
synthesized  in  Section  2.1.10  with  maximum  cross-linl<  density  and  containing 
4  wt  %  fiuorescein-labeled  albumin. 

2.5.2  Effect  of  Cross-Link  Density  on  the  Rate  of  Degradation  of  Albumin  Sphems 
Cysteine  (80  mg)  (Sigma)  and  50  mg  of  20  ^.m  spheres  (31  mg/ml),  synthesized 
in  Section  2.1 .8,  with  minimum  cross-link  density  and  containing  4  wt  %  fluorescein 
isothiocyanate-albumin,  were  added  to  10  ml  of  the  reaction  buffer  (Section  2.5.1)  in 
a  50  ml  test  tube  and  the  volume  brought  to  1 2.5  ml  with  distilled  water.  The  pH  was 
adjusted  to  7.5  with  either  0.1  N  HCI  or  0.1  N  NaOH.  While  the  mixture  was  stirred 
with  a  magnetic  stirrer,  0.4  ml  of  diluted  papain  (3  units/ml)  (Sigma)  was  added. 
After  the  enzyme  was  added,  the  solution  was  stirred  for  20  hrs;  a  0.65  ml  aliquot 
was  removed  every  1 0  minutes  for  2  hrs  and  once  every  6  hrs  after  that.  The  aliquots 
were  centrifuged  at  2,000g  for  1  min  and  the  supernatants  (0.55  ml)  were  diluted 
with  1 .0  ml  of  distilled  water  and  assayed  spectrophotometrically  at  495  nm.  The 
absorbance  at  495  nm  was  plotted  versus  time  to  compare  rates  of  degradation 
(Figure  15). 

The  above  procedure  was  repeated  with  50  mg  of  20  ^.m  intermediate  cross-link 
density  spheres  (22  mg/ml)  synthesized  in  Section  2.1 .9,  with  50  mg  of  20  fim 
maximum  cross-link  density  spheres  (25  mg/ml)  synthesized  in  Section  2.1.10,  and 
with  50  mg  of  spheres  synthesized  in  Section  2.1 .1 1  using  a  supersaturating 
concentration  of  glutaraldehyde,  all  containing  4  wt  %  fiuorescein-labeled  albumin. 
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The  final  degradation  products  from  the  minimum  and  maximum  cross-link  density 
spheres  were  saved  for  molecular  weight  characterization.  The  samples  (10  ^,1)  were 
analyzed  by  high  pressure  liquid  chromatography  (Perkin-Elmer,  Model  3B)  with 
Shodex  GPC  A-800P  and  GPC  A-80M  columns  in  series.  The  solvent  was  distilled 
water  at  a  flow  rate  of  0.1  ml/min  and  absorbance  was  measured  at  220  nm.  The 
retention  times  of  the  degradation  products  (Figure  1 6)  were  compared  to 
polyethylene  glycol  standards  (Figure17). 

2.5.3  Effect  of  Enzvme  Concentration  on  the  Rats  of  Degradation  of  Albumin  Spheres 

Cysteine  (80  mg)  (Sigma)  and  50  mg  of  20  |j.m  spheres  (25  mg/ml),  synthesized 
in  Section  2.1 .10,  with  maximum  cross-link  density  and  containing  4  wt  % 
fluorescein  labeled-albumin,  were  added  to  1 0  ml  of  the  reaction  buffer  (Section 
2.5.1)  in  a  50  ml  test  tube  and  the  volume  brought  to  12.5  ml  with  distilled 
water.  The  pH  was  adjusted  to  7.5  with  either  0.1  N  HCI  or  0.1  N  NaOH.  While  the 
mixture  was  stirred  with  a  magnetic  stirrer,  0.2  ml  of  diluted  papain  (3  units/ml) 
(Sigma)  was  added.  After  the  enzyme  was  added,  the  solution  was  stirred  for  20  hrs;  a 
0.65  ml  aliquot  was  removed  every  1 0  minutes  for  2  hrs  and  once  every  6  hrs  after 
that.  The  aliquots  were  centrifuged  at  2,000g  for  1  min  and  the  supernatants 
(0.55  ml)  were  diluted  with  1 .0  ml  of  distilled  water  and  assayed  spectro- 
photometrically  at  495  nm.  The  absorbance  at  495  nm  was  plotted  versus  time  to 
compare  rates  of  degradation  (Figure  18). 

The  above  procedure  was  repeated  with  0.4  ml  and  0.6  ml  of  diluted  papain 
(3  units/ml). 
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2.6  In  Vivo  DfigraHation  of  Albumin  Microsphfirfis 

2.6.1  Intramu5?cijlar  Dftaradation  of  Maximum  Cross-Link  Density  Miorosphftrps 
Maximum  cross-link  density  20  ^m  microspheres  synthesized  in  Section  2.1 .10 

(50  mg)  were  resuspended  in  1 .0  ml  of  distilled  water.  Twenty-five  female  white 
mice  (CFW  strain,  25-30  gm)  were  anesthetized  with  Halothane  and  were  injected 
intramuscularly  in  both  hind  legs  with  0.1  ml  of  the  20  urn  sphere  solution.  Three 
mice  from  each  group  were  sacrificed  by  cervical  dislocation  1 , 3, 1 0, 1 9,  26, 36, 
44,  and  50  days  postinjection. 

The  injected  leg  muscle  was  excised,  fixed  in  1 0  %  formalin  for  48  hrs, 
dehydrated  ,  embedded  in  paraffin,  and  1  ^m  sections  were  obtained.  The  sections  were 
mounted  on  glass  microscope  slides,  stained  with  haematoxylin  and  eosin,  and 
examined  by  light  microscopy  (Figure  19-21). 

The  above  procedure  was  repeated  with  50  mg  of  the  1  p,m  maximum  cross-link 
spheres  synthesized  in  Section  2.1 .10. 

2.6.2  Intramuscular  De(3radation  of  Minimum  Cross-Link  Densitv  Microspherfts 
Minimum  cross-linked  20  |j,m  microspheres  synthesized  in  Section  2.1.8 

(50  mg)  were  resuspended  in  1 .0  ml  of  distilled  water.  Twenty-two  female  white 
mice  (CFW  strain,  25-30  gm)  were  anesthetized  with  Halothane  and  were  injected 
intramuscularly  in  both  hind  legs  with  0.1  ml  of  the  20  nm  sphere  solution.  Three 
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mice  from  each  group  was  sacrificed  by  cervical  dislocation  1 ,  3, 5,  9, 12,16,  and 
20  days  postinjection.  Tfie  injected  leg  muscle  was  excised  and  processed  for 
microscopy  as  in  Section  2.6.1 . 

Tfie  above  procedure  was  repeated  witfi  50  mg  of  tfie  1  M.m  minimum  cross-link 
spheres  synthesized  in  Section  2.1.8. 

2.6.3  Intratumor  Degradation  of  Minimum  Cross-Link  Densitv  MicroRnherPs 

Six  female  white  mice  (CFW,  25  -  30  gm)  with  solid  subcutaneous  tumors  (Lewis 
lung  carcinoma)  approximately  1  cm  in  diameter  on  their  flanks  were  donated  by  Dr. 
Sitren  (30).  Minimum  cross-link  density  microspheres  synthesized  in  Section  2.1 .8 
(50  mg  of  1  ^.m  spheres)  were  resuspended  in  1 .0  ml  distilled  water  to  give  a 
50  mg/ml  solution.  The  mice  were  anesthetized  with  ether  and  were  injected  with 
0.3  ml  of  the  spheres  supension  using  a  30  g  needle.  The  injection  was  actually  three 
separate  injections  of  0.1  ml  each,  each  injection  being  120°  from  the  others  and 
aimed  toward  the  center.  The  suspension  was  slowly  injected  into  the  tumor;  each 
injection  taking  about  30  seconds. 

One  animal  was  sacrificed  at  the  time  of  injection  and  1,3,9,12,  and  1 6  days 
after  injection.  The  tumors  were  excised  and  processed  for  microscopy  as  in  Section 
2.5.1  (Figure  22-25). 
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2.7  Postsvnthesis  Drug  Loading  bv  SubmicrosphfirfiR 

2.7.1   Primaquine  Loading 

Albumin  submicrospheres  (maximum  cross-linked)  synthesized  in  Section  2.1 .1 
(70  mg)  were  resuspended  in  35  ml  of  primaquine  solution  (2  mg/ml)  (Sigma) 
(Figure  26)  and  evenly  distributed  into  seven  test  tubes.  The  pH  of  the  tubes  was 
adjusted  to  4  through  1 0  with  1  N  NaOH.  The  test  tubes  were  capped  and  mixed  on  a 
rotary  mixer  at  4°C  for  1 8  hrs. 

The  test  tubes  were  centrifuged  at  1300^  for  5  min  and  the  supernatants  decanted 
and  saved.  The  spheres  were  washed  once  with  distilled  water  and  the  supernatants 
decanted,  adjusted  to  pH  5  with  10  N  HCI,  and  saved.  An  aliquot  from  each  of  the 
unabsorbed  drug  and  wash  supernatants  was  diluted  200-fold  with  distilled  water  and 
assayed  for  drug  concentration  spectrophotometrically  at  353  nm.  The  absorbance 
values  were  plotted  on  a  standard  concentration  curve  and  the  percent  drug  absorbed 
was  calculated.  A  typical  standard  concentration  curve  is  shown  in  Figure  27.  The 
maximum  drug  absorption  was  at  pH  9,  and  this  yielded  spheres  that  contained 
36  wt  %  primaquine  (Figure  28,  Table  2). 

The  above  procedure  was  repeated  with  70  mg  of  20  %  PGA  submicrospheres 
synthesized  in  Section  2.1 .2.  At  the  optimum  pH  of  9,  the  spheres  bound  41  wt  % 
primaquine.  Submicrospheres  synthesized  in  Section  2.1 .1  and  Section  2.1 .2  (20  % 
PGA)  and  glycine  quenched  in  Section  2.3  were  also  loaded  with  drug.  At  the  optimum 
pH  of  9,  the  spheres  contained  32  wt  %  primaquine  for  the  non-PGA  spheres  and  35 
wt  %  for  the  20  %  PGA  spheres. 
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2.7.2  Adriamvcin  Loading 

Submicron  albumin  spheres  synthesized  in  Section  2.1 .1  (70  mg)  were 
resuspended  in  35  ml  of  adriamycin  solution  (2  mg/ml)  (Farmitalia)  (Figure  26) 
and  evenly  divided  into  seven  test  tubes.  The  pH  of  the  tubes  was  adjusted  to  4  through 
1 0  with  1  N  NaOH  as  in  Section  2.7.1 ,  and  the  tubes  mixed  in  the  dark  on  a  rotary 
mixer  at  4°C  for  1 8  hrs. 

The  spheres  were  centrifuged  and  washed  and  the  supernatants  diluted  200-foid 
with  distilled  water  as  in  Section  2.7.1 .  The  concentration  of  adriamycin  in  the 
supernatants  was  measured  spectrophotometrically  at  480  nm  and  the  percent  drug 
absorbed  was  calculated  (Figure  27).  Maximum  drug  absorption  was  at  pH  8  and 
yielded  spheres  that  contained  33  wt  %  adriamycin  (Figure  30). 

The  above  procedure  was  repeated  with  70  mg  of  20  %  PGA  submicrospheres 
synthesized  in  Section  2.1 .2.  At  the  optimum  pH  of  8,  the  spheres  contained  48  wt  % 
adriamycin.  Submicrospheres  synthesized  in  Section  2.1.1  and  Section  2.1.2 
(20  %  PGA)  and  glycine  quenched  in  Section  2.3  were  also  loaded  with  drug.  At  the 
optimum  pH  of  8,  the  spheres  bound  32  wt  %  adriamycin  for  the  non-PGA  spheres  and 
47  wt  %  adriamycin  for  the  20  %  PGA  spheres. 

2.7.3  cis-Platinumnndiaminedichioride  (cis-Platinum^  Loading 

Submicron  albumin  spheres  synthesized  in  Section  2.1 .2  (70  mg)  containing 
20  %  PGA  were  resuspended  in  35  ml  of  cis-platinum  solution  (2  mg/ml)  (Siqma) 
(Figure  26)  and  evenly  divided  into  seven  test  tubes.  The  pH  of  the  tubes  was  adjusted 
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to  4  through  10  with  1  N  NaOH  as  in  Section  2.7.1 ,  and  the  tubes  mixed  in  the  datk  on 
a  rotary  mixer  at  4°C  for  1 8  hrs. 

The  spheres  were  centrifuged  and  washed  and  the  supernatants  diluted  200-fold 
with  distilled  water  as  in  Section  2.7.1 .  The  concentration  of  cis-platinum  in  the 
supernatants  was  measured  spectrophotometrically  at  1 98  nm  and  the  percent  drug 
absorbed  was  calculated  (Figure  29).  Maximum  drug  absorption  was  at  pH  6  and 
yielded  spheres  that  contained  1 .5  wt  %  cis-platinum  (Figure  31 ). 

The  above  procedure  was  repeated  with  70  mg  of  submlcrospheres  synthesized  in 
Section  2.1 .1 .  and  with  submlcrospheres  synthesized  in  Section  2.1 .1  and  Section 
2.1 .2  (20  %  PGA)  and  glycine  quenched  in  Section  2.3.  There  was  no  measurable 
drug  uptake  at  any  pH. 

2.7.4  Mitomvcin-C  Loading 

Submicron  albumin  spheres  synthesized  in  Section  2.1.1  (70  mg)  were 
resuspended  in  35  ml  of  mitomycin  solution  (2  mg/ml)  (Bristol  Laboratories) 
(Figure  26)  and  evenly  divided  into  seven  test  tubes.  The  pH  of  the  tubes  was  adjusted 
to  4  through  10  with  1  N  NaOH  as  in  Section  2.7.1 ,  and  the  tubes  mixed  in  the  dark  on 
a  rotary  mixer  at  4°C  for  18  hrs. 

The  spheres  were  centrifuged  and  washed  and  the  supernatants  diluted  200-fold 
with  distilled  water  as  in  Section  2.7.1 .  The  concentration  of  mitomycin  in  the 
supernatants  was  measured  spectrophotometrically  at  281  nm  and  the  percent  drug 
absorbed  was  calculated.  There  was  no  measurable  drug  loading  at  any  pH. 
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The  above  procedure  was  repeated  with  70  mg  of  20  %  PGA  submicrospheres 
synthesized  in  Section  2.1.2.  and  with  submicrospheres  synthesized  in  Section  2.1.1 
and  Section  2.1 .2  (20  %  PGA)  and  glycine  quenched  In  Section  2.3.  There  was  no 
measurable  drug  uptake  at  any  pH. 

2.7.5  5-Fluorouradl  Loading 

Submicron  albumin  spheres  synthesized  in  Section  2.1 .2  (70  mg)  containing 
20  %  PGA  were  resuspended  in  35  ml  of  5-fluorouracil  solution  (2  mg/ml)  (Sigma) 
(Figure  26)  and  evenly  divided  into  seven  test  tubes.  The  pH  of  the  tubes  was 
adjusted  to  4  through  1 0  with  1  N  NaOH  as  in  Section  2.7.1 ,  and  the  tubes  mixed  in  the 
dark  on  a  rotary  mixer  at  4°C  for  1 8  hrs. 

The  spheres  were  centrifuged  and  washed  and  the  supernatants  diluted  200-fold 
with  distilled  water  as  in  Section  2.7.1 .  The  concentration  of  5-fluorouracil  in  the 
supernatants  was  measured  spectrophotometrically  at  268  nm  and  the  percent  drug 
absorbed  was  calculated.  There  was  no  measurable  drug  loading  at  any  pH. 

2.7.6  Hvdroxvurea  Lnadini;^ 

Submicron  albumin  spheres  synthesized  in  Section  2.1 .2  (70  mg)  containing 
20  %  PGA  were  resuspended  in  35  ml  of  hydroxyurea  solution  (2  mg/ml)  (Sigma) 
(Figure  26)  and  evenly  divided  into  seven  test  tubes.  The  pH  of  the  tubes  was  adjusted 
to  4  through  10  with  1  N  NaOH  as  in  Section  2.7.1 ,  and  the  tubes  mixed  in  the  dark  on 
a  rotary  mixer  at  4°C  for  1 8  hrs. 
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The  spheres  were  centrifuged  and  washed  and  the  supernatants  diluted  200-fold 
with  distilled  water  as  in  Section  2.7.1 .  The  concentration  of  hydroxyurea  in  the 
supernatants  was  measured  spectrophotometricaily  at  191  nm  and  the  percent  drug 
absorbed  was  calculated.  There  was  no  measurable  drug  uptake  at  any  pH. 

2.7.7  Methotrexate  Loading 

Submicron  albumin  spheres  synthesized  in  Section  2.1 .2  (70  mg)  containing 
20  %  PGA  were  resuspended  in  35  ml  of  methotrexate  solution  (2  mg/ml)  (Sigma) 
(Figure  26)  and  evenly  divided  into  seven  test  tubes.  The  pH  of  the  tubes  was  adjusted 
to  4  through  10  with  1  N  NaOH  as  in  Section  2.7.1 ,  and  the  tubes  mixed  in  the  dark  on 
a  rotary  mixer  at  4°C  for  1 8  hrs. 

The  spheres  were  centrifuged  and  washed  and  the  supernatants  diluted  200-fold 
with  distilled  water  as  in  Section  2.7.1 .  The  concentration  of  methotrexate  in  the 
supernatants  was  measured  spectrophotometricaily  at  299  nm  and  the  percent  drug 
absorbed  was  calculated.  There  was  no  measurable  drug  uptake  at  any  pH. 


2.8  Presvnthesis  Loading  of  Fluorescein-Labeled  Carboxymethvl  Cfillulose 

2.8.1   Fluorescein  Labeling  of  Carhoxvmethvl  Cellulose 

Carlx)xymethyl  cellulose  (500  gm)(55,000  MW,  Sigma)  was  dissolved  in  25  ml 
of  distilled  water.  Nitrogen  was  bubbled  through  the  solution  for  1 5  min  and  2  ml  of 
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pyridine  were  added.  Fluorescein  isothiocyanate  (0.2  gm)(Sigma)  was  dissolved  in 
the  solution  and  mixed  for  48  hrs  at  room  temperature  in  the  dark. 

The  pH  of  the  solution  was  adjusted  to  7  with  0.1  N  HCI  and  it  was  dialyzed  with 
membrane  dialysis  tubing  (Spectrapor  #1 ,  6,000-8,000  MW  cutoff)  against 
4  liters  of  distilled  water,  with  frequent  changes  of  the  water,  for  3  days  at  4°C.  The 
fluorescein-carboxymethyl  cellulose  (Figure  32)  was  then  dried  under  vacuum  at 
80°C  and  stored  in  a  desiccator  at  room  temperature. 

2.8.2  Presvnthesis  Loading  of  Microspheres  with  Fluorescein-Labeled 
CarbQxvmethvl  Cellulose 

Bovine  serum  albumin  (0.95  gm)  and  fluorescein-carboxymethyl  cellulose 
(0.05  gm)  were  dissolved  in  3.333  ml  of  distilled  water.  The  suspension  was 
dispersed  in  30  ml  of  2  wt  %  CAB  in  dichloroethane  by  vortex  mixing  in  a  50  ml 
centrifuge  tube  at  maximum  power  for  10  min.  After  dispersing,  15  ml  of  the 
toluene-glutaraldehyde  solution  described  in  Section  2.1.1  (2.1  mmoles 
giutaraldehyde)  was  added  and  the  dispersate  mixed  overnight  on  a  rotary  mixer.  The 
spheres  were  washed  as  in  Section  2.1.1  and  stored  at  room  temperature  in  acetone. 

The  product  was  a  bright  orange  suspension  obtained  in  a  97  %  yield  (0.97  gm). 
The  spheres  were  in  the  1 0-30  |im  size  range  and  contained  5  wt  %  fluorescein- 
carboxymethyl  cellulose  and  had  maximum  cross-link  density. 

The  above  procedure  was  repeated  using  2  ml  of  the  toluene-glutaraldehyde 
solution  (0.28  mmoles  giutaraldehyde)  as  the  cross-linking  agent.  The  product  was  a 
bright  orange  suspension  obtained  in  a  91  wt  %  yield  of  spheres  in  the  10  -  30  ^im 
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size  range,  containing  5  wt  %  fluorescein-carboxymethyl  cellulose  and  with 
minimum  cross-link  density. 


2.9  Drug  Release  from  Suhmicrospheres 

2.9.1  Diffusional  Release  of  Primaquine  from  Submicrospheres 

Submicrospheres  synthesized  in  Section  2.1 .1  (80  mg)  were  suspended  in  40  ml 
of  primaquine  (2  mg/m!)  and  the  pH  adjusted  to  9.  The  suspension  was  mixed 
overnght  at  4°C.  The  spheres  were  centrifuged  out  of  suspension  and  washed  twice 
with  distilled  water.  Spectrophotometric  assay  of  the  supernatant  at  353  nm 
confirmed  the  drug  loading  as  36  wt  %.  Loaded  submicrospheres  (20  mg)  were 
transferred  to  500  mi  of  isotonic  saline  (Fisher)  (pH  7.4)  and  gently  stirred  with  a 
magnetic  stirrer  at  room  temperature  for  1 6  hrs.  A  1 .0  ml  aliquot  was  removed 
every  20  min  for  6  hrs,  and  once  every  6  hrs  after  that.  The  sample  was  centrifuged 
at  50,000g  for  1 0  min  and  the  supernatant  decanted  and  assayed  for  drug 
concentration  as  in  Section  2.7.1 .  The  concentration  of  drug  (mg  primaquine/mg 
spheres)  was  plotted  against  time  to  compare  release  rates  (Figure  33). 

The  above  procedure  was  repeated  with  submicrospheres  synthesized  in  Section 

2.1 .1  and  quenched  as  in  Section  2.3,  with  submicrospheres  synthesized  in  Section 

2.1 .2  containing  20  %  PGA,  and  with  submicrospheres  synthesized  in  Section  2.1.2 
containing  20  %  PGA  and  quenched  as  in  Section  2.3. 
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2.9.2  Combined  Diffusional  and  Enzvmatic  Dearadative  ReleasR  of  Primaatjinft  from 
Submicrospheres 

Submicrospheres  synthesized  in  Section  2.1 .2  with  maximum  cross-link  density  and 
containing  20  %  PGA  were  loaded  with  primaquine  as  in  Section  2.9.1 .  Cysteine 
(80  mg)  and  5  mg  of  loaded  spheres  (10  mg/ml)  were  added  to  20  ml  of  degradation 
buffer  (Section  2.5.1)  and  the  pH  adjusted  to  7.4.  While  the  mixture  was  gently  stirred 
with  a  magnetic  stirrer,  1 .0  ml  of  diluted  papain  (3  units/ml)  was  added.  The  solution 
was  stirred  for  20  hrs  and  an  aliquot  was  removed  every  30  min  for  6  hrs,  and  once 
every  6  hrs  after  that.  The  samples  were  centrifuged  at  50,000y   for  1 0  min  and  the 
supernatant  decanted  and  assayed  for  drug  concentration  as  in  Section  2.7.1 .  The 
concentration  of  drug  (mg  primaquine/mg  spheres)  was  plotted  against  time  to  compare 
release  rates  (Figure  34). 

The  above  procedure  was  repeated  without  enzyme  and  with  2.0  ml  of  the  3  unit/ml 
papain  dilution. 

2.9.3  Combined  Diffusional  and  Enzvmatic  Degradative  Release  of  Fluorescein-Labeled 
Carboxvmethyl  Cellulose  from  Minimum  Cross-Link  Microspheres 

Cysteine  (80  mg)  (Sigma)  and  50  mg  of  20  ^im  spheres  (51  mg/ml),  synthesized  in 

Section  2.8.2,  with  minimum  cross-link  density  and  containing  5  wt  %  fluorescein- 

carboxymethyl  cellulose,  were  added  to  10  ml  of  the  reaction  buffer  (Section  2.5.1)  in  a 

50  ml  test  tube  and  the  volume  brought  to  12.5  ml  with  distilled  water.  The  pH  was 

adjusted  to  7.5  with  either  0.1  N  HCI  or  0.1  N  NaOH.  While  the  mixture  was  stirred 

with  a  magnetic  stirrer,  0.02  ml  of  diluted  papain  (3  units/ml)  (Sigma)  was  added. 

After  the  enzyme  was  added,  the  solution  was  stirred  for  20  hrs  and  a  0.65  ml  aliquot  was 
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removed  every  1 0  min  for  2  hrs  and  once  every  6  hrs  after  that.  The  aliquots  were 
centrifuged  at  2,000flf  for  3  min.  The  supernatants  (0.55  ml)  were  diluted  with  1 .0  ml  of 
distilled  water  and  assayed  spectrophotometrically  at  495  nm  (Figure  29).  The 
concentration  of  fluorescein  -  cartxjxymethyl  cellulose  was  plotted  against  time  to 
compare  rates  of  release  (Figure  35). 

The  above  procedure  was  repeated  without  enzyme  and  with  0.2  ml  and  0.4  ml  of  the  3 
unit/ml  papain  dilution. 


2.9.4  Combined  Diffusional  and  Enzymatic  Degradative  Release  of  Fluorescein-Lahelfid 
Carboxymethyl  Cellulose  from  Maximum  Cross-Link  Microspheres 


Cysteine  (80  mg)  (Sigma)  and  50  mg  of  20  ^.m  spheres  (53  mg/ml),  synthesized  in 
Section  2.8.2,  with  maximum  cross-link  density  and  containing  5  wt  %  fluorescein- 
carboxymethyl  cellulose,  were  added  to  10  ml  of  the  reaction  buffer  (Section  2.5.1)  in  a 
50  ml  test  tube  and  the  volume  brought  to  1 2.5  ml  with  distilled  water.  The  pH  was 
adjusted  to  7.5  with  either  0.1  N  HCI  or  0.1  N  NaOH.  While  the  mixture  was  stirred 
with  a  magnetic  stirrer,  0.4  ml  of  diluted  papain  (3  units/ml)  (Sigma)  was  added.  After 
the  enzyme  was  added,  the  solution  was  stirred  for  20  hrs  and  a  0.65  ml  aliquot  was 
removed  every  10  min  for  2  hrs  and  once  every  6  hrs  after  that.  The  aliquots  were 
centrifuged  at  2,000g  for  3  min.  The  supernatants  (0.55  ml)  were  diluted  with  1 .0  ml  of 
distilled  water  and  assayed  spectrophotometrically  at  495  nm  (Figure  29).  The 
concentration  of  fluorescein  -  carboxymethyl  cellulose  was  plotted  against  time  to 
compare  release  rates  (Figure  36). 
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The  above  procedure  was  repeated  without  enzyme  and  with  1 .2  ml  and  2.0  ml  of  the  3 
unit/ml  papain  dilution. 


2.1 0  In  Vitro  Uptake  of  Albumin  Submicrospheres  bv  Rabbit  Blood  Cells 

2.1 0.1  Silver  Labelinn  of  Albumin  Submicrosoheres 

Methenamine  (3  gm)  (Polysciences),  silver  nitrate  (0.25  gm)  (Fisher  Scientific), 
and  sodium  tetraborate  (0.6  gm)  (Fisher  Scientific)  were  dissolved  in  1 1  ml  of  distilled 
water.  Submicrospheres  (1  gm)  synthesized  in  Section  2.1 .1  were  added  and  the 
suspension  was  gently  mixed  in  the  dark  for  20  hrs  at  60°C.  After  20  hrs,  the  color  of 
the  suspension  changed  from  light  brown  to  black  and  the  spheres  were  washed  twice  with 
20  ml  of  5  %  sodium  thiosulfate  (Fisher  Scientific)  and  three  times  with  isotonic  saline. 
The  spheres  were  stored  in  saline  at  4°C  until  used. 

The  above  procedure  was  repeated  with  1  gm  of  spheres  consisting  0.05  gm  of  10  tim 
microspheres  from  Section  2.1 .6  and  0.95  gm  of  submicrospheres  from  Section  2.1 .1 . 

2.10.2  In  Vitro  Uptake  of  Silver-Labeled  Submicrosphere  bv  Rabbit  Blood  Cells 

A  female  New  Zealand  white  rabbit  (2.7  kg)  was  anesthetized  by  Intramuscular 
injection  of  Ketaset  (0.8  ml)  and  Rompun  (0.8  ml)  and  60  ml  of  blood  was  withdrawn  by 
cardiac  puncture.  A  15  ml  sample  was  placed  in  30  ml  of  5  %  glutaraldehyde  (EM  grade, 
Polysciences)  in  isotonic  saline  and  the  remainder  of  the  blood  (45  ml)  was  placed  in  a 
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50  ml  screw  cap  polypropylene  tube  containing  20,000  units  of  heparin  (Sigma) 
dissolved  in  1  ml  of  isotonic  saline  and  500  mg  of  submicrospheres  labeled  with  silver  in 
Section  2.10.1.  The  cells  in  glutaraldehyde  were  gently  mixed  at  room  temperature  for 
1  hr  and  then  stored  at  4°C. 

The  cells  were  incubated  at  39°C  with  gentle  mixing  in  an  Isotemp  incubator  (Fisher 
Scientific)  and  15  ml  aliquots  were  removed  after  1  hr,  6  hrs,  and  24  hrs  of  incubation. 
As  each  sample  was  removed,  it  was  placed  into  30  ml  of  5  %  glutaraldehyde  and  fixed  at 
room  temperature  for  one  hour.  After  each  sample  was  fixed,  it  was  stored  at  4°C  until  all 
the  samples  were  collected.  At  the  24  hrs  time  point,  0.1  ml  of  cells  was  diluted  50  times 
with  isotonic  saline,  stained  with  Trypan  Blue  (Eastman  Kodak  Co.),  placed  on  a 
hemacytometer,  and  examined  by  light  microscopy  to  estimate  the  percentage  of  viable 
white  cells.  After  24  hrs  of  incubation,  1 0-15  %  of  the  white  cells  were  viable. 

After  all  the  samples  were  collected,  they  were  washed  three  times  in  isotonic  saline 
and  serially  dehydrated  in  25  %,  50  %,  75  %,  and  1 00  %  ethanol.The  cells  were 
tranferred  to  100  %  acetone,  and  embedded  in  Spurr's  resin  (Poiysciences).  Thin  sections 
(300  ^im)  were  cut  on  an  ultra-microtome  (LKB,  Inc),  mounted  on  300  mesh  copper 
grids,  and  poststained  with  uranyl  acetate  and  lead  citrate.  The  sections  were  examined  on 
a  Hitachi  HU-1 1 E  electron  microscope  at  75  kV.  The  above  procedure  was  performed 
twice  with  the  submicrosphere  suspension  and  twice  with  the  combined  10  nm- 
submicrosphere  suspension  labelled  with  silver  in  Section  2.10.1 .  Microspheres  and 
submicrospheres  were  identified  by  the  clearly  visible  silver  grains  on  their  surfaces 
(Figure  37). 
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2.1 1   Systemic  Clearance  of  Albumin  Submicrospheres  in  Rabbits 

Three  female  New  Zealand  white  rabbits  (2.7  kg)  were  anesthetized  with  Rompun 
(0.8  ml)  and  Ketaset  (0.8  ml)  injected  intramuscularly.  A  25  g  butterfly  needle  was 
placed  in  a  vein  in  the  right  ear  and  15  mg  of  submicrospheres  (Section  2.1 .1)  were 
injected  into  each  rabbit.  The  submicrospheres  (15  mg),  labelled  with  14-C  in  Section 
2.3  (0.3  nCi  of  activity),  were  suspended  in  1  ml  of  isotonic  saline  and  were  injected 
slowly  over  1  minute.  Anesthesia  was  maintained  by  periodic  injections  of  Ketaset.  At  15, 
30, 45,  60,  and  120  min  after  the  injection,  10  ml  of  blood  was  drawn  via  heart 
puncture  from  each  rabbit,  using  1 00  units  of  heparin  per  ml  of  blood  as  anticoagulant. 
After  2  hrs,  the  rabbits  were  sacrificed  with  sodium  pentobarbital  and  the  lungs,  spleens, 
and  livers  removed. 

Small  pieces  of  the  organs  (0.1  -  0.5  gm)  were  placed  into  ashless  paper  cones  and 
burned  on  a  tissue  oxidizer  (Packard  Inst.  Co.,  Model  306).  The  samples  were  burned  for 

2  min  and  the  14-C  -labeled  CO2  generated  was  collected  in  6  ml  of  Carbosorb  and  1 2  ml 

of  Permafluor  V  (Packard  Inst.  Co.).  Blood  samples  (0.5  ml)  were  placed  on  ashless  gauze 
pads  in  paper  cones  and  oxidized.  The  blood  cells  were  also  centrifuged  and  samples  of 
serum  oxidized  separately  as  above.  The  oxidation  products  were  counted  on  a  scintillation 
counter  (Perkin-Elmer)  three  times  for  10  min  each.  The  activity  of  each  sample  was 
normalized  by  mass  and  plotted  against  time. 

The  above  procedure  was  repeated  with  three  more  rabbits,  taking  blood  samples  1,  2, 
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4,  and  6  days  after  injection.  The  urine  and  feces  were  also  collected.  After  6  days,  the 
animals  were  sacrificed  and  the  blood,  organs,  urine,  and  feces  were  assayed  for  isotope  as 
above.  The  equivalent  mass  of  submicrospheres  was  calculated  and  plotted  versus  time 
(Figure  38,  Table  3). 
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percent  increase  in  diameter  after  hydration 

Figure  12.  Variation  of  Hydration  Swelling  With  Sphere  Size: 

Percent  Increase  In  Diameter  On  Hydration  vs  Dry  Diameter 
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Figure  13  Surface  Modification  of  Albumin  Submicrospheres  with  Glycine  and  Silver 
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Figure  19.  Optical  Micrograph  of  Mouse  Muscle  3  Days  after  Injection  with 
20  Mm  Maximum  Cross-Link  Density  Spheres 
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Figure  20.   Optical  Micrograph  of  Mouse  Muscle  10  Days  after  Injection  with 
20  |im  Maximum  Cross-Link  Density  Spheres 
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Figure  21.   Optical  Micrograph  of  Mouse  Muscle  44  Days  after  Injection  with 
20  |xm  Maximum  Cross-Link  Density  Spheres 


Figure  22.   Optical  Micrograph  of  Mouse  Tumor  Tissue  immediately  after 
Injection  of  1  ^m  Minimum  Cross-Link  Density  Spheres 


Figure  23.  Optical  Micrograph  of  Mouse  Tumor  Tissue  3  Days  after 
Injection  of  1  jim  Minimum  Cross-Link  Density  Spheres 


Figure  24.  Optical  Micrograph  of  Mouse  Tumor  Tissue  9  Days  after 
Injection  of  1  )im  Minimum  Cross-Link  Density  Spheres 
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Figure  25.  Optical  Micrograph  of  Mouse  Tumor  Tissue  16  Days  after 
Injection  of  1  pm  Minimum  Cross-Link  Density  Spheres 
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Figure  26.   Structures  of  Drugs  Tested  for  Incorporation  into  Submicrospheres 
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Figure  26  (continued)  Structures  of  Drugs  Tested  for  Incorporation 

into  Submicrospheres 
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Figure  28.  Variation  of  Primaquine  Uptake  with  pH  in  Submicrospheres 

■    unquenched  spheres  D       quenched  spheres 

•    unquenched  20  %  PGA  spheres      O    quenched  20  %  PGA  spheres 
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Figure  30.  Variation  of  Adriamycin  Uptake  with  pH  In  Submlcrospheres 
■  lonquenched  spheres  n  quenched  spheres 

•  tinquenched  20  %  PGA  spheres  O  quenched  20  %  PGA  spheres 
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Figure  31.  Variation  of  cis-Platinum  Uptake  with  pH  In  Submlcrospheres 
■  unquenched  spheres  D  quenched  spheres 


unquenched  20  %  PGA  spheres    O  quenched  20  %  PGA  spheres 
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Figure  32.     Structure  of  Fluorescein- Labeled  Carboxymethyl  Cellulose 
Incorporated  Into  Microspheres  During  Synthesis 
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Figure  33.  Diffusional  Release  of  Primaquine  from  Albumin  Submlcrospheres 

■  unquenched  spheres  n  glycine  quenched  spheres 

•  unquenched  20  %  PGA  spheres         O  glycine  quenched  20  %  PGA 

spheres 
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Figure  37.  Transmission  Electron  Micrograph  of  Silver-Labeled  Albumin 
Submlcrospheres  Taken  Up  By  a  Rabbit  White  Blood  Cell  After 
6  Hours  Incubation  In  Vitro 
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CHAPTER      3 

RESULTS  AND  DISCUSSION 


3.1   Suhmicrosphfirfis 

A  method  was  developed  in  this  study  for  preparing  hydrophilic  submicron  albumin 
spheres  (submicrospheres).  Figure  1  shows  the  dry  size  distribution  of  dry 
submicrospheres  typically  produced  by  this  method  (average  diameter  82  nm). 
Figures  2,3,  and  4  are  electron  micrographs  of  these  submicrospheres.  The 
submicrospheres  were  easily  suspended  in  a  variety  of  aqueous  media  such  as  distilled 
water,  physiological  saline,  and  phosphate  buffer  without  the  need  for  surfactants. 

The  method  developed  was  a  modification  of  the  Longo  steric  stabilization  method 
(18).  Briefly,  an  aqueous  albumin  solution  is  dispersed  by  sonication  into  an  organic 
polymer  solution  and  the  polymer  adsorbs  to  the  surface  of  the  aqueous  droplets.  In 
general,  as  smaller  droplets  form,  they  have  a  tendency,  due  to  surface  tension,  to 
recombine  into  larger  droplets.  However,  when  adsorbed  onto  the  surface  of  the 
droplets,  the  polymer  molecules  acted  as  spacers  to  keep  the  droplets  from 
recombining,  i.e.,  the  droplets  are  stericaily  stabilized.  When  the  suspension  has  been 
dispersed  to  the  desired  droplet  size,  glutaraldehyde  is  added  to  cross-link  the 
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albumin  molecules.  The  glutaraldehyde  reacts  with  primary  amine  groups  to  form 
Schiff  base  (imine)  linkages  (Figure13).  Once  the  albumin  droplets  are  completely 
cross-linked,  the  adsorbed  polymer  is  washed  off. 

The  glutaraldehyde  cross-linking  agent  is  relatively  insoluble  in  the  suspending 
solvent,  and  is  therefor  first  dissolved  in  toluene.  The  concentration  of  glutaraldehyde 
in  toluene  was  previously  shown  to  be  0.14  mmoles/ml  of  toluene  (18). 

Previous  techniques  for  the  synthesis  of  albumin  microspheres  have  used  vegetable 
oil  as  the  hydrocarbon  dispersing  medium.  Although  partially  successful  in  stabilizing 
the  droplets,  the  oil  was  not  readily  washed  off,  creating  a  hydrophobic  surface  on  the 
spheres  prepared  by  this  method  (4).  The  technique  developed  by  Longo  and  adapted 
here  for  submicrosphere  synthesis  yielded  spheres  with  a  hydrophilic  surface  by 
using  polymer-solvent  steric  stabilization 

In  addition  to  producing  hydrophobic  microspheres,  the  vegetable  oil  method  also 
limited  the  minimum  size  of  the  spheres.  Attempts  to  reduce  the  size  of  the  droplets 
below  1  urn  by  vigorous  stirring  or  sonication  were  unsuccessful  and  denatured  the 
protein  prematurely.  Development  of  a  less  viscous  dispersing  medium  was  also 
important  for  the  synthesis  of  smaller  spheres,  achieved  in  this  study. 

The  albumin  matrix  of  the  spheres  can  entrap  small  insoluble  particles  and  soluble 
macromolecules.  Fluorescein-labeled  albumin  was  incorporated  into  microspheres  so 
that  enzymatic  degradation  could  be  followed  by  release  of  fluorescein-labeled 
fragments  of  albumin.  Submicrospheres  containing  up  to  4  wt  %  of  fluorescein  - 
albumin,  pictured  in  Figure  8,  were  synthesized.  Poly  -  L  -  glutamic  acid  (PGA) 
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(Figure  26)  was  also  incorporated  into  the  spheres  during  synthesis  to  enable  drug 
uptake  and  release  by  ion  exchange.  Submicrospheres  containing  up  to  20  wt  %  PGA 
(Figure  5)  were  synthesized.  Both  fluorescein  -  albumin  and  PGA  were  dissolved  in 
the  aqueous  phase  for  synthesis. 

Insoluble,  particulate  material  was  also  entrapped  in  the  matrix  of  the  spheres. 
Barium  sulfate  was  incorporated  into  the  spheres  during  synthesis  as  a  radio-opaque 
contrast  agent.  Submicrospheres  containing  up  to  2  wt  %  barium  sulfate  (Figure  7) 
were  synthesized,  although  the  radio-opacity  of  the  spheres  was  not  tested.  Magnetite 
(Fe304)  was  also  incorporated  into  the  spheres  during  synthesis  to  make  the  spheres 

magnetically  responsive.  Submicrospheres  containing  up  to  16  wt  %  magnetite 
(Figure  6)  were  synthesized.  The  magnetite  grains  were  generally  between  5  nm  and 
25  nm  in  diameter.  The  grains  were  not  homogeneously  distributed,  but  most 
submicrospheres  had  about  three  magnetite  grains  apiece.  The  grains  of  barium 
sulfate  were  too  small  and  of  too  low  contrast  to  be  seen,  but  the  magnetite  grains  were 
clearly  visible  by  TEM. 

Microspheres  containing  9  wt  %  magnetite  were  also  synthesized  in  the  1  ^im  - 
20  Jim  range  (Figure  9)  using  a  variation  of  the  submicrosphere  synthesis;  the 
aqueous  suspension  was  dispersed  less  energetically,  thereby  making  larger  droplets 
and  producing  larger  spheres. 
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3.2  Submicrosphere  Size  DistrihtJtion 

The  submicrosphere  synthesis  produced  an  initial  size  distribution  ranging  from 
10  nm  to  5  nm.  A  subset  of  the  initial  size  distribution  (about  50  wt  %),  separated 
out  by  centrifugation,  had  a  dry  size  range  of  1 0  nm  to  200  nm  and  was  designated  the 
submicrosphere  subset.  The  size  distribution  of  dry  submicrospheres,  as  determined 
by  electron  microscopic  examination  of  at  least  1 00  spheres  (Section  2.2  and  Figure 
2)  is  shown  in  Figure  1 .  The  number  average  diameter  was  82  nm. 

Dry  submicrospheres  were  also  hydrated  in  water  and  examined  by  photon 
correlation  spectroscopy  which  yielded  a  Z-average  diameter  of  333  nm.*  Within  the 
limits  of  the  apparatus,  the  hydrated  suspension  appeared  monodisperse,  allowing  a 
direct  comparison  of  the  dry  number  average  and  hydrated  Z-average  diameters.  The 
percent  increase  in  diameter  on  hydration  was  416  %,  from  82  nm  to  333  nm. 
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3.3  Storage  and  ResusPfiPRion 

Perhaps  the  most  obvious  characteristic  of  submicrospheres  when  viewed  by  TEM 
(Figures  4-7),  is  that  the  spheres  tend  to  form  into  clusters  when  dried.  As  the 
spheres  are  dried  on  the  cart)on  coated  copper  grids  used  for  TEM,  they  are  forced 
closer  together  until  contact  between  them  is  made.  Van  der  Waal's  forces  which 
become  dominant  at  this  point  produce  clusters  of  spheres  as  seen  in  the  micrographs. 
For  this  reason,  submicrospheres  were  stored  in  water  or  acetone,  and  not  allowed  to 
dry. 

Submicrospheres  stored  in  acetone  for  14  months,  either  at  room  temperature  or 
4°C,  showed  no  signs  of  degradation  when  examined  by  transmission  electron 
microscopy.  However,  spheres  stored  in  distilled  water  at  4°C  showed  almost  complete 
degradation  in  about  4  months  (Figure  39).  A  means  of  storing  the  spheres  in  a  dry 
state  that  would  allow  for  simple  resuspension  in  water  was  therefor  sought.  This  was 
accomplished  by  coating  the  spheres  with  macromolecules  that  would  prevent 
aggregation  during  drying.  A  variety  of  coatings  were  studied,  ranging  from  simple 
surfactants  to  macromolecules  (Table  2).  In  each  case,  spheres  were  suspended  in  the 
chosen  solution  and  lyophilized  to  dryness.  Concentrated  solutions  (10  %)  of 
macromolecules  such  as  dextran  (500,000  MW),  polyethylene  glycol  (6000  MW), 
and  bovine  albumin  (67,000  MW)  allowed  complete  aqueous  resuspension  with  only 
gentle  manual  shaking.  The  effect  of  these  macromolecules  was  analogous  to  the  effect 
of  cellulose  acetate  butyrate,  which  sterically  stabilized  the  aqueous  droplets  during 
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synthesis.  Dextran  (500,000  MW)  was  also  successful  as  a  1  %  solution.  The  other  1 
%  solutions  and  all  of  the  0.1  %  macromolecule  solutions  were  less  effective  at 
preventing  aggregation.  The  smaller  molecules  such  as  Tween  80  (1308  MW)  and 
isotonic  saline  (58  MW)  were  ineffective  at  the  concentrations  tested. 

In  contrast  to  the  submicrospheres,  albumin  microspheres  larger  than  20  jim  may 
be  dried  and  resuspended  without  a  need  for  coating  with  surfactants.  However,  as  the 
size  decreases  below  20  ^im  ,  it  becomes  more  difficult  to  resuspend  the  spheres, 
until,  at  1  p.m,  it  is  virtually  impossible  to  resuspend  the  spheres  without  previous 
surfactant  coating.  This  is  important  in  any  consideration  of  clinical  applications 
since  it  is  unknown  to  what  extent  the  surfactant  is  washed  off  following  resuspension. 


3.4  Surface  Modification 

One  of  the  most  useful  properties  of  the  submicrospheres  produced  by  this  method 
is  the  nature  of  the  sphere  surface.  The  hydrophilic  surface  and  the  use  of 
glutaraldehyde  as  the  cross-linking  agent,  which  provides  a  chemically  reactive 
sphere  surface,  makes  possible  a  wide  variety  of  aqueous  chemical  modifications  that 
can  be  performed  on  the  surface. 

Glutaraldehyde  is  bifunctional.  As  reactive  sites  on  the  surface  of  the  sphere 
become  saturated,  glutaraldehyde  molecules  become  monofunctionally  attached  leaving 
free  aldehyde  groups  on  the  microspheres  surface.  Primary  amines  readily  react  with 
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aldehyde  groups  to  form  imine  bonds,  thereby  providing  a  convenient  means  for 
attaching  molecules  to  the  surface  of  the  spheres. 

As  shown  by  Goldberg,  et  al.(19),  quenching  the  surface  aldehydes  of  glutaraldehyde 
cross-linked  albumin  microspheres  with  glycine  increases  the  hydrophilicity  of  the 
sphere  surface.  The  primary  amine  group  of  glycine  reacts  with  surface  aldehyde 
groups  leaving  the  glycine  carboxyl  group  free,  thereby  increasing  the  anionicity  of 
the  submicrospheres.  This  study  has  extended  the  glycine  quenching  technique  to 
submicrospheres.  If  14-C  glycine  is  used  (glycine  with  both  carbons  replaced  by  the 
14-C  isotope),  the  sphere  is  both  quenched  and  isotope  labeled.  With  this  method,  up 
to  0.019  M.Ci  of  cartxjn  isotope  was  attached  per  mg  of  spheres  for  use  in  systemic 
clearance  studies. 

Submicrospheres  may  be  easily  seen  by  electron  microscopy  when  examined  alone. 
However,  when  fixed  and  embedded  in  the  presence  of  cells,  they  are  not  readily 
visualized.  The  protein  spheres  have  the  same  electron  density  as  cells  and  are 
indistinguishable  from  other  proteinaceous  material.  To  study  in  vitro  uptake  of 
submicrospheres  by  blood  cells,  as  in  Section  2.10.2,  it  is  necessary  to  apply  an 
electron  dense  stain  to  the  spheres.  A  common  TEM  stain  is  the  methenamine-silver 
stain.  As  seen  in  Figure  14,  the  silver  salt  is  complexed  with  the  methenamine  and 
reduced  to  silver  metal  by  aldehyde  or  sulfhydral  groups  and  precipitates  onto  the 
surface  of  the  spheres.  The  result  is  the  attachment  of  small  (1  -1 0  nm)  clusters  of 
silver  grains  to  the  surface  of  the  spheres.  As  seen  in  Figure  13,  the  submicrospheres 
can  be  readily  identified  by  the  attached  silver  grains. 
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The  high  concentration  of  aldehyde  groups  on  the  sphere  surface  may  allow  the 
addition  of  other  molecules  containing  amine  groups,  such  as  proteins  and  drugs.  Such 
surface  modifications  may  be  used  to  enhance  the  activity  of  some  enzymes  by 
immobilization  on  the  surface  of  the  spheres  (31)  or  for  specific  tissue  targeting  or 
binding  by  attaching  affinity  ligands  such  as  antibodies  or  Concanavaiin  A. 


3.5  Controlled  Cross-Link  Density  Microspheres 

Microspheres  in  the  1  -50  |j.m  range  were  made  as  described.  When  the 
glutaraldehyde  is  added,  cross-linking  starts  at  the  surface  of  the  dispersed  droplets. 
As  the  number  of  reactive  amino  groups  diminish,  the  glutaraldehyde  diffuses  farther 
into  the  spheres  (Figure  40).  When  not  limited  in  concentration,  the  glutaraldehyde 
eventually  diffuses  through  the  entire  sphere,  reacting  at  all  possible  reactive  sites. 
The  remaining  glutaraldehyde  diffuses  out  when  the  spheres  are  washed.  A  sphere 
produced  in  this  way  should  be  homogeneously  cross-linked  throughout  the  volume  of 
the  sphere. 

When  there  is  insufficient  glutaraldehyde  to  react  with  all  the  available  albumin 
amino  groups,  reaction  will  occur  primarily  at  the  surface  of  the  sphere.  When  the 
glutaraldehyde  is  exhausted,  the  interior  of  the  spheres  will  remain  incompletely 
cross-linked,  creating  a  case  hardened  sphere  which  is  cross-linked  on  the  outside 
but  less  highly  cross-linked  on  the  inside.  When  discussing  cross-link  density  of  a 
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sphere,  we  are  really  considering  the  average  cross-link  density  since  anything  less 
than  saturation  cross-linking  produces  inhomogeneously  cross-linked  spheres. 

Spheres  with  various  cross-link  densities  were  synthesized,  the  cross-link 
density  being  controlled  by  the  amount  of  glutaraldehyde  added.  The  minimum  amount 
of  glutaraldehyde  needed  to  form  stable  spheres,  as  judged  by  examination  in  water  by 
light  microscopy,  was  0.28  mmoies  of  glutaraldehyde  per  gram  of  albumin.  The 
saturation  amount  of  glutaraldehyde  needed  for  maximum  cross-link  density  was 
estimated  to  be  2.1  mmoies  of  glutaraldehyde  per  gram  of  albumin.  This  estimate  was 
based  on  the  observation  that  the  rate  of  enzymatic  degradation  of  the  spheres  depends 
on  the  cross-link  density.  As  the  cross-link  density  increased,  the  rate  of  enzymatic 
degradation  decreased,  but  adding  more  than  2.1  mmoies  of  glutaraldehyde  per  gram  of 
albumin  did  not  change  the  rate  of  degradation.  The  relationship  between  cross-link 
density  and  rate  of  degradation  will  be  discussed  in  Section  3.7.  By  this  criteria,  2.1 
mmoies  of  glutaraldehyde  was  sufficient  to  saturate  all  available  reactive  sites. 


3.6  Hydration  and  Swelling  of  Microspheres 

The  effects  of  size  and  cross-link  density  on  the  percent  increase  in  diameter  on 
hydration  of  the  microspheres  was  studied  by  light  microscopy.  Briefly,  a  sphere  was 
measured  before  and  after  hydration  and  the  percent  increase  in  diameter  and  volume 
plotted  against  the  dry  diameter  (Figure  12).  These  figures  show  that  the  percent 
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increase  in  diameter  varies  inversely  with  the  degree  of  cross-linking  and  the  size  of 
the  microspheres.  Dried  and  hydrated  spheres  are  pictured  in  Figures  1 0  and  1 1 .  This 
method  was  used  for  spheres  with  minimum,  intermediate,  and  maximum  cross-link 
densities. 

The  phenomenon  of  swelling  is  actually  a  form  of  incomplete  dissolution  (Figure 
41 ).  The  submicrospheres  resemble  a  three  dimensional  network  of  linked  albumin 
molecules.  When  dry,  the  spaces  between  the  albumin  molecules  are  empty  and  the 
molecules  interact  with  each  other  via  weak  interactions  such  as  hydrogen  bonds. 
These  weak  attractive  forces  pull  the  molecules  together  to  collapse  the  three 
dimensional  structure.  When  water  is  present,  the  albumin  molecules  can  separate 
and  only  the  presence  of  cross-links  prevents  complete  dissolution.  The  amount  of 
swelling  is  determined  by  the  number  of  cross-links  restraining  the  albumin 
molecules. 

Another  factor  which  limits  how  much  the  sphere  will  swell  is  the  size  of  the 
sphere  itself.  Larger  spheres  contain  more  albumin  than  smaller  spheres,  providing  a 
greater  opportunity  for  hydrogen  bonding  which  reduces  the  swelling  of  the  spheres. 
In  this  way,  larger  spheres  have  a  greatly  reduced  percent  increase  in  diameter  on 
hydration,  compared  to  smaller  spheres.  This  may  also  be  seen  when  comparing  the 
size  distribution  of  dry  and  wet  submicrospheres.  When  dry,  the  sizes  ranged  from 
1 0  nm  to  200  nm,  but  when  wet,  the  spheres  were  more  nearly  monodisperse.  The 
smaller  spheres  had  a  larger  percent  increase  in  diameter  on  hydration  so  that  the 
spheres  converged  toward  333  nm.  The  dry  size  is  generally  used  in  the  literature  to 
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describe  submicrospheres  due  to  the  difficulty  in  accurately  measuring  sizes  below  1 
Jim  in  water.  However,  when  considering  applications  for  microspheres  in  aqueous 
media,  it  may  be  more  important  to  consider  the  hydrated  diameter  of  the  spheres 
since  the  spheres  may  change  size  on  hydration. 


3.7  Degradation  of  Microspheres  bv  Papain 

Enzymatic  degradation,  for  the  purposes  of  this  study,  is  defined  in  macroscopic 
terms,  i.e.,  the  destruction  and  dissolution  of  the  spheres,  as  opposed  to  the 
microscopic  effect  of  enzyme  activity  such  as  breaking  individual  bonds  (Figure  42). 
Although  the  mechanism  of  sphere  destruction  Is  that  of  breaking  individual  bonds, 
our  interest  in  spheres  as  drug  carriers  makes  the  phenomenology  of  sphere 
disruption  most  important,  because  it  is  primarily  by  dissolution  of  the  sphere 
matrix  that  macromolecules  are  released  and  that  the  spheres  are  removed  from 
tissue.  For  this  study,  the  enzyme  chosen  to  degrade  the  spheres  was  papain,  a 
sulfhydryl  protease. 

Spheres  were  synthesized  containing  fluorescein-labeled  albumin.  Degradation  was 
followed  spectrophotometrically  by  assaying  the  suspension  for  solubilized 
fluorescein-labeled  degradation  products.  As  seen  in  Figure  14,  the  rate  of  degradative 
release  of  labeled  protein  from  spheres  of  very  different  sizes  (0.33  urn  and  20  )i,m) 
was  about  the  same.  Submicrospheres  have  a  larger  surface  area  than  an  equivalent 
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mass  of  20  p.m  microspheres.  Since  they  degraded  at  about  the  same  rate  at  this 
enzyme  concentration  (3  units  papain/50  mg  spheres),  it  is  possible  that  the  enzyme 
concentration,  and  not  the  surface  area  of  the  spheres,  was  the  rate  limiting  factor. 

Spheres  of  varying  cross-link  densities  were  also  degraded  with  papain;  four 
representative  cross-link  densities  are  shown  in  Figure  15.  As  the  cross-link  density 
increased,  the  number  of  bonds  that  had  to  be  broken  to  release  labeled  protein  into 
solution  increased,  and  the  rate  of  degradation  slowed  accordingly.  Spheres 
cross-linked  with  a  large  excess  of  glutaraldehyde  degraded  at  the  same  rate  as 
spheres  cross-linked  with  2.1  mmoles  of  glutaraldehyde  per  gram  of  albumin. 
Addition  of  glutaraldehyde  in  excess  of  2.1  mmoles  did  not  appear  to  increase  the 
cross-link  density,  indicating  that  2.1  mmoles  glutaraldehyde  per  gram  of  albumin 
was  sufficient  to  saturate  all  the  reactive  sites  on  the  albumin.  It  is  of  interest  that 
the  minimum  cross-link  density  spheres  released  a  greater  amount  of  labeled 
degradation  products  into  solution  than  the  maximum  cross-linked  spheres.  This 
implies  that  the  minimum  cross-linked  spheres  degraded  more  than  the  maximum 
cross-linked  spheres.  It  should  be  noted  that  time  was  plotted  against  the  absorbance 
of  the  fluorescein  label,  and  not  against  the  concentration  of  released  degradation 
products.  This  was  because  the  structure  of  the  degradation  products  was  not  stable; 
even  after  high  molecular  weight  fragments  of  the  spheres  were  solubilized,  the 
fragments  can  continue  to  degrade  and  isolation  of  products  to  produce  a  standard 
concentration  curve  was  impossible.  In  principle,  papain  is  capable  of  hydrolyzing 
most  peptide  bonds  of  a  linear  polypeptide,  in  many  cases  giving  rise  to  free  amino 
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acids,  but  the  presence  of  cross-links  and  the  associated  steric  changes  reduce  the 
amount  of  degradation  that  can  occur. 

The  extent  of  degradation,  as  judged  by  release  of  fluorescein-labeied  products,  was 
independent  of  enzyme  concentration  (Figure  18).  As  shown  by  HPLC  (Figure  16), 
there  were  two  types  of  degradation  products;  one  had  an  average  molecular  weight  of 
greater  than  1 ,000,000  and  the  other  had  an  average  molecular  weight  of  about 
60,000.  The  smaller  molecules  were  soluble  fragments  of  albumin  which  were 
separated  from  the  spheres  during  degradation.  The  larger  molecules  appeared  to  be 
soluble  high  molecular  weight  fragments  which  had  a  density  about  the  same  as  water; 
they  would  not  precicptate  at  SO.OOOg   after  30  min  and  were  not  visible  under  light 
or  scanning  electron  microscopy.  After  degradation  was  completed,  as  indicated  by  a 
cessation  of  release  of  labeled  protein,  it  was  seen  that  the  high  cross-link  density 
spheres  released  less  fluorescein-labeied  protein  than  the  low  cross-link  density 
spheres.  The  unreleased  labeled  protein  probably  remained  trapped  in  the  high 
molecular  weight  fraction  described  above.  Comparison  of  the  size  of  the  high 
molecular  weight  peaks  to  the  size  of  the  low  molecular  weight  peaks  in  Figure  1 6 
shows  that  the  high  cross-link  density  spheres  were  more  resistant  to  degradation, 
i.e.,  had  a  higher  percent  of  the  degraded  protein  in  the  higher  moleculer  weight  peak, 
than  were  the  low  cross-link  density  spheres. 
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3.8  Drun  Uptakfi  Bv  Submicrosphftms 

The  hydrophilicity  of  the  spheres  and  the  low  temperature  during  synthesis 
permits  loading  of  drugs  before  synthesis  by  entrappment  or  after  synthesis  by 
diffusion.  Four  types  of  submicrospheres  were  studied,  all  in  the  1 0  nm-30  nm  size 
range;  albumin  (containing  residual  reactive  aldehyde  groups  from  glutaraldehyde 
cross-linking),  albumin  with  glycine  quenched  aldehyde  groups,  albumin  containing 
20  %  PGA,  and  glycine  quenched  albumin  containing  20  %  PGA  submicrospheres.  The 
spheres  had  two  means  of  retaining  drugs  after  diffusional  loading;  physical 
entrappment  and  formation  of  covalent  bonds  between  amine  groups  on  the  drugs  and 
free  aldehyde  groups  on  the  spheres.  Polyglutamic  acid  (PGA)  (Figure  26)  was 
incorporated  into  albumin  spheres  by  entrappment  during  synthesis  to  increase  drug 
binding  and  to  give  the  spheres  an  ion  exchange  capability.  Polyglutamic  acid  has 
carboxyl  groups  which  can  form  an  ionic  salt  with  primary  amine  groups  on  drug 
molecules. 

Drugs  chosen  for  postsynthesis  loading  included  primaquine,  adriamycin, 
cis-platin,  mitomycin-C,  hydroxyurea,  5-fluorouracii,  and  methotrexate.  These 
drugs  were  chosen  because  they  all  have  primary  amine  groups  (Figure  26)  which 
have  the  potential  to  form  ionic  bonds  with  PGA. 

Drug  uptake  by  the  four  sphere  types  was  shown  to  be  pH  dependent.  Figures  28, 
30,  and  31  show  how  uptake  of  primaquine,  adriamycin,  and  cis-platin  varied  with 
pH.  None  of  the  other  drugs  listed  above  demonstrated  any  measurable  uptake.  The 
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reaction  between  primary  amine  groups  on  the  drug  molecules  and  carboxyl  or 
aldehyde  groups  on  the  spheres  is  a  balance  between  the  basic  deprotonation  of  the 
amine  groups  and  the  acidic  protonation  of  the  carlsoxyl  and  aldehyde  groups.  As  the  pH 
increases,  the  reactive  primary  amine  form  of  the  amine  groups  replace  the  less 
reactive  quaternary  ammonium  form  and  drug  uptake  increases.  However,  as  the  pH 
increases,  the  less  reactive  cartxjxylate  form  of  the  cartx)xyl  groups  replace  the  acid 
form  and  the  aldehyde  groups  are  replaced  by  enolate  groups  which  counters  the 
increase  in  ammonium  formation.  Maximum  primaquine  loading  was   41  wt  %  and 
was  acheived  with  unquenched  20  %  PGA  spheres  at  pH  9.  The  point  at  which  the 
amine  and  carboxyl  groups  were  optimally  balanced  occured  at  a  pH  above  that  at 
which  primaquine  precipitates,  so  that  no  decrease  in  uptake  was  seen  at  high  pH. 
Maximum  adriamycin  loading  was  48  wt  %  and  was  achieved  with  unquenched  20  % 
PGA  spheres  at  pH  8.  In  the  case  of  adriamycin,  the  pH  at  which  the  amine  and 
carboxyl  groups  were  optimally  balanced  occured  at  pH  8  and  as  the  pH  was  raised  to 
9,  the  drug  uptake  decreased  due  to  the  formation  of  the  carboxylate  form  of  the 
carboxyl  groups.  Maximum  cis-platinum  loading  was  1 .5  wt  %  and  was  achieved  with 
unquenched  20  %  PGA  spheres  at  pH  7.  Uptake  of  cis-platinum  was  low,  and  in  the 
case  of  the  quenched  20  %  PGA  spheres  and  the  spheres  without  PGA,  was  not 
measurable  because  the  optimum  pH  for  formation  of  the  primary  amine  form  of  the 
amine  groups  and  the  optimum  pH  for  the  formation  of  the  acid  form  of  the  carboxyl 
groups  were  too  far  apart  to  effect  drug  binding.  It  was  for  the  same  reason  that  there 
was  no  measurable  uptake  of  mitomycin,  5-fluorouracil,  hydroxyurea,  and 
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methotrexate.  As  was  previously  shown  (18),  in  those  drug-sphere  systems  which 
demonstrated  drug  uptake,  PGA  increased  drug  uptal<e  by  providing  more  carboxyl 
groups  for  the  drug  to  bind  to,  but  quenching  reactive  aldehyde  groups  with  glycine 
reduced  drug  uptake  by  eliminating  the  aldehyde  groups  which  could  react  with  the 
free  primary  amine  groups. 

Alternatively,  drugs  could  be  loaded  during  synthesis  by  adding  the  drug  to  the 
albumin  and  then  cross-linking  the  albumin-drug  dispersion.  This  is  especially 
useful  for  macromolecules  which  would  be  less  able  to  diffuse  into  the  spheres  after 
synthesis.  This  method  was  examined  with  carboxymethyl  cellulose  (CMC) 
(MW  55,000).  The  CMC  was  labeled  with  fluorescein  (Figure  32)  for  convient 
analysis.  The  CMC  was  trapped  in  the  spheres  during  cross-linking  but  did  not  itself 
chemically  react  with  the  albumin.  High  solution  viscosity  limited  the  loading  of  the 
CMC  to  about  5  wt  %.  About  20  %  of  the  loaded  CMC  diffused  out  of  the  minimum 
cross-linked  spheres  during  the  postsynthesis  washing,  but  there  was  no  release  of 
CMC  from  maximum  cross-linked  spheres.  This  diffusional  release  of  CMC  occured 
when  the  spheres  were  transferred  into  water.  The  albumin  spheres  were  made  by 
insolubilizing  an  aqueous  solution  in  an  organic  solvent,  which  produces  spheres  in 
the  dehydrated  configuration,  analogous  to  being  dried.  The  release  of  CMC  was 
probably  due  to  the  sudden  hydration  swelling  that  occured  when  the  spheres  were 
transferred  to  water.  This  swelling,  described  in  Section  3.6,  increased  the  volume 
and  pore  size  in  the  spheres,  allowing  the  CMC  molecules  to  disentangle  from  the 
albumin  matrix  and  diffuse  out.  High  density  cross-linking  reduced  the  pore  size  and 
prevented  the  diffusional  release  of  the  macromolecules. 
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These  results  indicate  tliat  macromolecules  may  be  entrapped  in  microspheres 
during  sysnthesis  and  that  it  may  be  possible  to  allow  limited  diffusional  release  of 
macromolecules. 


3.8  Drug  Release 

Diffusional  drug  release  rates  from  submicrospheres  were  evaluated  using  a  static 
release  system  in  which  the  loaded  submicrospheres  were  suspended  in  a  large  volume 
of  isotonic  saline  and  aliquots  removed  periodically  and  assayed  for  free  drug 
concentration  until  release  of  the  drug  into  solution  stopped.  This  system  allowed  the 
study  of  drug  release  in  infinite  sink  conditions  which,  although  not  physiologically 
accurate,  was  neccessary  due  to  the  size  of  the  spheres.  A  more  realistic  model  of 
physiological  conditions  would  be  to  pack  the  spheres  into  a  chromatography  column 
and  study  drug  release  at  a  low  flow  rate,  as  may  be  done  with  larger  spheres  (10 
jim-50  ^.m).  However,  due  to  the  small  size  (average  0.33  |xm  )  of  the  hydrated 
submicrospheres,  this  proved  impractical.  As  seen  in  Figure  33,  the  initial  rapid 
release  (first  2  hours)  of  primaquine  accounted  for  70-90  %  of  the  total  release. 
However,  only  about  80-85  %  of  the  loaded  drug  was  eventually  released  (Table  2). 
The  remaining  drug  was  probably  covalently  bound  to  the  spheres  or  trapped  in  the 
matrix.  This  is  supported  by  the  observation  that  the  quenched  spheres  generally  had  a 
slightly  higher  percent  release  of  primaquine  than  did  the  unquenched  spheres. 
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However,  it  is  unclear  if  the  small  increase  in  release  observed  is  significant  due  to 
the  the  lack  of  adequate  data  for  statistical  analysis.  Also,  this  increase  accounts  for 
only  about  20  -25  %  of  the  unreleased  drug.  When  the  spheres  were  degraded  with 
papain  (Figure  34),  all  of  the  primaquine  was  released  into  solution,  thereby 
accounting  for  the  drug  that  was  not  released  by  diffusion  alone.  Enzymatic  degradation 
at  lower  enzyme  concentrations  increased  the  amount  of  drug  released,  but  did  not 
significantly  affect  the  rate  of  drug  release.  The  initial  rapid  diffusional  release, 
which  accounted  for  over  half  of  the  released  drug,  occured  before  extensive  sphere 
degradation  took  place.  As  the  enzyme  concentration  was  raised  so  that  significant 
degradation  occured  before  release  could  occur,  the  rate  of  early  drug  release 
increased. 

It  is  difficult  to  extrapolate  behavior  under  physiological  conditions  from  the 
infinite  sink  condition  model.  Under  physiological  conditions,  fluid  turnover  would 
probably  be  slow  to  the  extent  that  sphere  degradation  would  be  the  rate  limiting 
factor.  In  this  case,  consideration  of  the  clinical  application  of  albumin  microspheres 
for  drug  delivery  should  include  a  careful  consideration  of  the  target  tissue  since  the 
rate  of  degradation  would  determine  the  rate  of  drug  release  and  the  tissue  enviroment 
of  the  spheres  determines  the  type  and  amount  of  degradative  enzymes  encountered  by 
the  spheres. 

The  release  of  macromolecules  from  20  n.m  spheres  was  studied  using 
fluorescein-labeled  cartxjxymethyl  cellulose  (CMC)  with  a  molecular  weight  of 
55,000  that  was  trapped  in  the  sphere  matrix  during  synthesis.  This  was  similar  to 
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the  incorporation  of  labeled  albumin  into  spheres,  except  for  two  important 
differences.  First,  the  fluorescein-labeled  albumin  was  probably  not  completely 
saturated  with  fluorescein,  leaving  a  few  functional  groups  which  could  form 
cross-links  with  the  albumin  matrix.  This  may  explain  the  absence  of  any  diffusional 
release  of  fluorescein-latjeled  albumin  even  at  low  cross-link  densities.  Second,  the 
labeled  albumin  was  also  a  substrate  for  papain,  so  that  even  if  an  entire  labeled 
albumin  molecule  was  not  degraded  and  dissolved,  soluble  labeled  fragments  could  be 
formed.  Labeled  CMC,  however,  does  not  contain  functional  groups  which  could  react 
with  the  albumin  matrix  and  CMC  is  not  a  substrate  for  enzymatic  attack  by  papain. 

Diffusional  and  degradative  release  of  CMC  from  minimum  cross-linked  20  nm 
spheres  is  shown  in  Figure  35.  The  rate  of  degradation  depended  on  the  concentration 
of  enzyme,  but  the  extent  of  degradation  was  the  same.  Up  to  20  %  of  the  CMC  was 
released  by  diffusion,  but  with  degradation,  up  to  55%  of  the  loaded  CMC  was 
recovered  in  solution.  As  the  cross-link  density  increased,  diffusional  release  of  the 
CMC  was  decreased.  Figure  36  shows  the  combined  diffusional  and  degradative  release 
from  maximum  cross-linked  spheres.  At  maximum  cross-link  density,  there 
was  no  measurable  diffusional  CMC  release.  The  total  release  after  degradation 
accounted  for  55  %  of  the  CMC  load,  the  same  as  for  the  minimum  cross-linked 
spheres.  The  balance  of  the  loaded  CMC  probably  remained  trapped  in  the  high 
molecular  weight  fraction  discussed  in  Section  3.7.  These  figures  show  that  the  rate  of 
release  increased  with  increasing  enzyme  concentration  but  decreased  with  increasing 
cross-link  density,  which  is  consistent  with  the  degradation  studies  in  Section  3.7. 
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The  extent  of  CMC  release  was  independent  of  cross-link  density  or  enzyme 
concentration. 

These  results  show  that  release  of  CMC  can  occur  by  diffusion  and  degradation,  the 
proportion  of  the  total  release  by  either  mechanism  being  a  function  of  cross-link 
density.  The  consequence  for  clinical  use  of  microspheres  for  delivery  of 
macromolecules  is  that  even  if  it  takes  some  time  for  significant  degradation  of  the 
spheres  to  begin,  some  drug  release  may  still  occur  by  diffusion,  up  to  the  limits 
allowed  by  fluid  turnover.  Also,  as  in  the  case  of  the  more  diffusable  drugs  described 
earlier,  since  most  of  the  drug  would  be  probably  be  released  by  degradation,  the  rate 
of  release  would  depend  on  the  type  of  tissue,  and  as  a  result,  the  type  and  amount  of 
degradative  enzymes  the  spheres  are  exposed  to. 


3.10  In  Vivo  Degradation 

The  study  of  in  vitro  drug  release  is  useful  for  comparing  different  drug  -  sphere 
systems,  but  it  is  only  a  comparative  guide  for  predicting  in  vivo  release 
characteristics  until  a  correlation  is  established  between  in  vitro  and  in  vivo 
degradation  rates.  Compared  to  the  standardized,  but  arbitrarily  chosen,  fluid 
turnover  of  in  vitro  systems,  intramuscular  or  intratumor  environments  have 
relatively  slow  and  variable  fluid  turnover.  For  low  tissue  fluid  turnover  conditions, 
degradative  release  may  assume  greater  importance  for  drug  delivery. 
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To  study  the  characteristics  of  in  vivo  degradation,  1  and  20  ^.m  bovine  albumin 
microspheres  with  minimum  and  maximum  cross-link  densities  were  injected 
Intramuscularly  into  mice.  At  selected  times,  the  mice  were  sacrificed  and  the 
muscles  excised  and  examined  to  determine  the  effects  of  cross-link  density  and  size 
on  the  rate  of  degradation. 

The  1  |j.m  spheres  were  found  both  in  and  between  the  leg  muscle  tissue;  some 
spheres  infiltrated  into  the  muscles  between  the  muscle  fibers,  but  most  remained  in 
large  pockets  between  the  muscles.  The  distribution  was  independent  of  cross-link 
density. 

The  20  \im  microspheres  were  observed  as  very  large  pockets  of  spheres  in  the 
tissue  damaged  by  injection  and  between  muscle  layers.  Very  few  20  ^m  spheres 
infiltrated  between  the  muscle  fibers  into  the  muscles.  The  distribution  of  these 
larger  spheres  was  also  independent  of  cross-link  density.  These  results  indicate  that 
the  smaller  spheres  disperse  through  the  tight  muscle  tissue  better  than  the  larger 
spheres  and  may  consequently  provide  a  wider  distribution  of  drug  in  the  tissue. 

The  tissue  response  to  the  bovine  albumin  spheres  in  mice  was  independent  of  size 
or  cross-link  density.  One  day  after  injection,  individual  leukocytes  were  visible  in 
the  muscle  around  the  edges  of  the  sphere  pockets  and  began  to  encapsulate  the  sphere 
pockets  in  a  thin  layer  of  leukocytes.  Three  days  after  injection,  the  layer  of 
leukocytes  had  become  more  dense  and  the  cells  had  begun  to  infiltrate  into  the  sphere 
clusters.  Ten  days  after  injection,  the  sphere  clusters  were  completely  infiltrated  by 
leukocytes.  From  day  ten  onward,  the  number  of  minimum  cross-linked  spheres  found 
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in  the  tissue  slowly  decreased  until  day  eighteen  when  no  spheres  could  be  found.  At 
day  eighteen,  the  muscle  looked  normal  except  for  the  tissue  damaged  during  injection 
which  contained  fibrous  scar  tissue. 

Until  day  ten,  the  minimum  and  maximum  cross-linked  spheres  appeared  the  same. 
In  contrast  to  the  minimum  cross-linked  spheres  which  disappeared  from  day  ten  to 
day  eighteen,  the  maximum  cross-linked  spheres  did  not  visibly  degrade  for  about 
thirty  days  and  then  decreased  in  number  from  30  days  to  about  55  days  postinjection. 
Figures  32, 33,  and  34  show  this  behavior  for  20  ^.m  maximum  cross-linked 
spheres  at  days  3, 1 0,  and  44,  respectively. 

Although  cross-link  density  appeared  to  have  little  effect  on  the  distribution  of 
spheres  in  muscle  tissue  it  was  the  determining  factor  for  the  rate  of  degradation.  Size 
had  little  effect  on  the  rate  of  degradation  but  was  most  important  for  the  distribution 
of  the  spheres  in  the  tissue.  Neither  cross-link  density  nor  sphere  size  had  any  effect 
on  the  tissue  response.  It  has  been  thought  that  larger,  e.g.,  20  ^.m,  spheres  would  be 
best  for  creating  sphere  depots  in  tissue,  the  large  size  needed  to  insure  tissue 
immobilization.  However,  as  seen  in  this  study,  large  spheres  do  not  infiltrate 
through  muscle  tissue  as  well  as  smaller  spheres.  Despite  the  small  size  of  the 
spheres  studied  (1  |xm),  it  was  evident  that  they  were  immobilized  in  the  tissue. 

These  results  show  that  albumin  spheres  can  be  degraded  in  vivo.  However,  in 
contrast  to  the  in  vitro  experiments,  there  was  no  visible  evidence  of  an  undegraded 
high  molecular  weight  fragment  remaining  in  the  tissue.  The  rate  of  degradation,  and 
by  implication,  drug  release,  may  be  controlled  by  varying  the  cross-link  density. 
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Once  a  drug  has  been  released  into  the  tissue,  the  ability  of  the  drug  to  diffuse  away 
fropri  the  spheres  would  depend  on  the  ability  of  the  drug  to  bind  to  the  surrounding 
tissue;  chemically  reactive  drugs  may  have  a  narrower  distribution  in  the  tissue. 
Another  factor  concerning  distribution  of  the  drug  is  the  encapsulation  of  the  spheres 
by  leukocytes.  It  is  possible  that  the  encapsulation  of  the  spheres  during  degradation 
may  interfere  with  the  release  of  the  drug  into  the  tissue. 

The  rate  of  degradation  may  vary  with  the  type  and  amount  of  degradative  ezymes 
present  so  that  different  tissues  may  degrade  spheres  at  different  rates.  For  the 
purpose  of  comparing  intramuscular  degradation  with  that  in  another  tissue,  1  ^.m 
minimum  cross-linked  bovine  albumin  spheres  were  injected  into  subcutaneously 
implanted  solid  1  cm  Lewis  lung  carcinoma  tumors  in  mice.  The  injection  appeared  to 
cause  regression  of  the  tumors,  however  the  significance  of  this  is  unclear  since  the 
tumors  have  a  high  incidence  of  spontaneous  regression  and  regression  due  to 
manipulation.  Also,  the  regression  of  the  tumors  was  not  obvious  until  late  in  the 
experiment  (day  12)  when  there  were  only  two  mice  remaining. 

Unlike  the  intramuscular  injections,  the  intratumor  spheres  were  more  highly 
dispersed,  i.e.,  more  spheres  singly  and  in  small  groups.  The  spheres  were  also 
dispersed  inhomogeneously  through  about  half  of  the  tumor.  The  spheres  were 
administered  in  three  separate  injections,  each  directed  toward  the  center  of  the 
tumor,  and  each  injection  at  a  120°  angle  from  the  previous  injections.  Also,  the 
tumor,  while  solid  at  the  time  of  injection,  was  less  compact  than  the  muscle  tissue 
studied  earlier.  These  factors  probably  explain  the  very  different  distribution  of  the 
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spheres  in  the  tumor  tissue  compared  to  muscle  tissue.  IVIany  of  the  spheres  were 
distributed  freely  between  the  tumor  cells  (Figure  22).  Three  days  after  the  injection 
(Figure  23),  there  were  no  free  microspheres  between  the  cells;  all  the  spheres  had 
become  enmeshed  in  fibrous  tissue.  It  was  not  until  nine  days  after  injection  (Figure 
24)  that  leukocytes  appeared.  By  the  ninth  day,  however,  the  tumors  had  become 
enlarged  and  necrotic  at  their  centers.  On  the  twelfth  day,  the  leukocytes  had  mostly 
disappeared.  Between  the  ninth  and  twelfth  day,  the  number  of  spheres  remaining  in 
the  tissue  decreased  by  about  90  %  and  the  volume  of  the  tumors  decreased  by  about 
95  %.  By  the  sixteenth  day  (Figure  25),  there  were  no  spheres  remaining  and  the 
tumor  cells  were  entirely  replaced  by  fibrous  connective  tissue. 

The  time  needed  for  complete  degradation  of  the  spheres  as  determined  visually  was 
only  slightly  less  than  for  intramuscular  degradation.  Unlike  the  intramuscular 
spheres,  the  intratumor  spheres  were  not  trapped  in  large  clusters  which  protected 
the  spheres  inside  the  clusters,  but  were  more  dispersed  thereby  increasing  the 
surface  area  exposed  to  the  environment.  However,  it  is  not  certain  that  the  slight 
difference  in  degradation  rates  is  significant  due  to  the  lack  of  sufficient  data  for 
statistical  analysis.  While  the  intramuscular  degradation  study  had  three  mice,  each 
injected  in  two  legs  (for  a  total  of  six  samples)  per  time  point,  the  intratumor 
degradation  study  had  one  mouse  with  one  tumor  for  each  time  point.  It  is  also 
unknown  what  effect  the  changing  tumor  environment  had  on  the  rate  of  degradation. 
As  the  tumor  progressed  from  a  1  cm  tumor  on  day  1  to  a  larger  (2  cm)  necrotic 
tumor  on  day  9  and  then  regressed  to  scar  tissue  from  day  1 2  to  1 6,  the  tumor 
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metabolism  probably  underwent  several  changes.  The  rate  of  sphere  degradation  in  a 
solid  tumor  that  remained  unchanged  for  the  course  of  the  degradation  may  be  very 
different.  Perhaps  of  greater  significance  is  the  improved  dispersion  of  the  spheres  in 
the  tumor,  probably  due  to  both  the  nature  of  the  tissue  and  the  use  of  multiple 
injections. 

3.1 1  In  Vitro  Uptake  of  Suhmicrospheres  hv  Rabbit  Blood  CeilR 

Any  attempt  to  use  submicrospheres  as  a  circulating  drug  carrier  faces  the 
problems  of  mechanical  filtration  and  cellular  uptake.  As  noted  in  the  Introduction, 
large  albumin  microspheres  in  the  10  p.m  size  range  are  readily  phagocytized  by 
macrophages.  Little  is  known  about  the  relation  of  size  to  uptake  for  albumin  spheres. 
To  study  the  uptake  of  submicrospheres,  heparinized  whole  rabbit  blood  was  incubated 
with  albumin  submicrospheres  labeled  with  silver.  The  cells  were  examined  at 
different  times  by  transmission  electron  microscopy. 

Figure  37  shows  the  appearance  of  submicrosphere  that  were  phagocytized  by  an 
eosinophil.  Although  10  p.m  spheres  were  previously  shown  to  be  capable  of 
stimulating  very  active  phagocytosis  (32)  by  macrophages,  this  was  not  observed  to 
occur  in  whole  blood  with  submicrospheres;  about  one  of  every  thirty  white  cells 
examined  contained,  at  most,  three  submicrospheres.  There  was  no  evidence  of 
adsorption  of  submicrospheres  to  the  surface  of  red  cells  or  platelets.  Of  the  five  cells 
found  to  contain  submicrospheres  in  the  sections  examined,  four  were  eosinophils  and 
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one  was  a  monocyte.  When  the  cells  were  incubated  in  the  presence  of  both  1 0  |xm 
spheres  and  submicrospheres,  there  was  some  uptake  of  10  ^im  spheres  but  the 
uptake  of  submicrospheres  was  relatively  unchanged.  Despite  the  submicrospheres 
being  present  in  a  20-fold  greater  concentration  (by  weight)  they  were  unable  to 
stimulate  phagocytosis  as  previously  observed  with  larger  albumin  spheres.  It  is 
possible  that  a  minimum  size  sphere  is  needed  to  stimulate  phagocytosis,  however  this 
will  require  more  detailed  examination  with  several  sizes  of  spheres. 

3.1 2  Svstemic  Clearance  of  Submicrosphprfts 

The  dominant  mechanism  by  which  circulating  particles  are  removed  from  the 
blood  is  mechanical  filtration  (20,  22).  This  was  studied  by  injecting  14-C-labeled 
submicrospheres  intravenously  in  six  rabbits  and  following  the  decline  of  the  isotope 
in  blood  samples.  Three  of  the  rabbits  were  sacrificed  after  2  hours  and  three  were 
continued  for  6  days.  The  loss  of  the  14-C  label  with  time  is  shown  Figure  38.  To 
calculate  the  amount  of  spheres  remaining  in  the  blood,  the  volume  of  distribution 
must  be  known.  Since  the  average  hydrated  diameter  of  the  spheres  was  about  333  nm, 
it  is  likely  that  not  all  the  spheres  would  have  been  able  to  perfuse  the  capillary  beds, 
and  those  that  did  would  take  time  to  do  so.  While  the  smaller  spheres  were  slowly 
perfusing  into  the  capillary  beds,  the  larger  spheres  would  start  to  be  filtered  out 
beginning  on  the  first  pass  through  the  lungs  and  liver.  Assuming  complete 
distribution  through  the  entire  blood  volume  and  that  the  blood  volume  of  a  3.5  kg 
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rabbit  is  260  ml  (33),  tfien  30  %  of  tiie  injected  spiieres  remained  in  the  blood  after 
15  minutes.  This  decreased  to  about  2  %  after  2  hours.  These  estmates  represent 
maximum  values  since  the  assumption  about  distribution  may  or  may  not  be  valid. 

After  2  days,  the  isotope  level  in  the  blood  rose  to  about  15  %  of  the  injected  dose, 
which  probably  represented  release  of  labeled  degradation  products.  There  was  no 
measurable  isotope  in  the  urine  or  feces  for  the  six  days  that  the  rabbits  were  studied, 
but  this  is  not  surprising;  the  in  vitro  degradation  of  microspheres  indicated  that 
degradation  of  albumin  spheres  may  produce  high  molecular  weight  products  which 
resist  further  degradation.  After  4  days,  the  isotope  level  had  returned  to  2  %  and 
decreased  to  1  %  of  the  injected  dose  by  the  sixth  day  (Table  3). 

The  blood  was  also  examined  by  electron  microscopy,  but  no  submicrospheres  were 
found  at  any  time  during  the  experiment.  This  was  not  unexpected  since  the  in  vitro 
studies  indicated  a  low  level  of  uptake  by  the  blood  cells  and  the  in  vivo  experiments 
used  a  dose  that  would  produce  a  concentration  of  spheres  in  blood  that  would  be,  at 
best,  1  %  that  used  in  the  in  vitro  experiments.  Also,  the  presence  of  isotope  in  the 
blood  on  the  sixth  day  may  not  represent  intact  spheres.  A  low  level  of  uptake  may 
occur  and  the  isotope  that  was  measured  in  the  blood  may  have  been  labeled  degradation 
products  that  were  metabolically  incorporated  into  the  cells  which  phagocytized  them. 
That  the  isotope  is  not  floating  freely  but  is  in  the  form  of  spheres  or  incorporated 
degradation  products  is  supported  by  the  observation  that  when  the  blood  samples 
were  centrifuged,  most  of  the  label  was  found  in  the  white  cells,  and  none  of  it  was 
found  in  the  plasma. 
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The  lungs,  liver,  and  spleen  were  also  removed  and  assayed  for  isotope.  At  1 20 
minutes  postinjection,  30  %  of  the  injected  dose  was  found  in  the  liver  but  no  isotope 
was  found  in  the  lungs  or  spleen.  After  six  days,  the  isotope  level  in  the  liver  returned 
to  background  and  the  lungs  and  spleen  remained  unchanged. 

The  circulatory  retention  of  the  hydrophilic  albumin  submicrospheres  used  in  this 
study  was  greater  than  the  retention  of  polymethylmethacrylate  (1 2)  and 
polycyanoacrylate  (23)  nanoparticles  reported  to  date.  Less  than  0.3  %  of  the 
administered  doses  of  these  relatively  hydrophobic  particles  In  the  nanometer  size 
range  remained  in  the  circulation  after  30  minutes.  In  contrast,  about  30  %  of  the 
submicrospheres  used  in  this  study  remained  in  the  circulation  after  30  minutes, 
although  the  exact  percent  of  spheres  retained  is  uncertain  for  the  reasons  discussed 
above.  The  retention  of  the  albumin  submicrospheres  is  much  more  similar  to  the 
reported  retention  of  albumin  coated  nanparticles  (22).  These  coated  nanoparticles 
were  reported  to  be  retained  in  the  circulation  longer  than  the  uncoated  nanoparticles; 
1  %  remaining  in  the  blood  after  2  hours.  The  retention  of  the  albumin 
submicrospheres  reported  here  was  2  %  after  2  hours.  Considering  the  uncertainty 
about  the  volume  of  distribution  of  the  albumin  submicrospheres,  this  closely 
resembles  the  retention  of  the  albumin  coated  nanoparticles  reported  by  Leu  (22). 
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Figure  39.  Transmission  Electron  Micrograph  of  Maximum  Cross-Linked 
Albumin  Submlcrospheres  Showing  Degradation  after  6  Months 
In  Water  at  4  °C. 
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Figure  40.  Variation  of  the  Cross-Link  Density  of  Albumin  Microspheres 
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Figure  41  Hydration  Swelling  of  Albumin  Microspheres 
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Figure  42.  Enz5rmatlc  Degradation  of  Albumin  Microspheres  by  Papain 


CHAPTER     4 
CONCLUSIONS 


1 .  A  new  method  was  developed  for  preparing  submicron  hydrophilic  albumin 
spheres  with  a  dry  size  range  of  1 0-200  nm  and  an  average  diameter  of  82  nm.  The 
submicrospheres  appeared  relatively  monodisperse  at  333  nm  when  hydrated.  The 
spheres  were  easily  dispersed  in  water  or  buffer  without  surfactants. 
Submicrospheres  were  also  synthesized  containing  soluble  macromolecules  such  as 
polyglutamic  acid  and  cartxjxymethyl  cellulose  and  particulate  material  such  as 
barium  sulfate  and  magnetite.  These  are  the  first  hydrophilic  albumin  submicro- 
spheres to  be  reported  in  the  literature. 

2.  The  submicrospheres  could  be  stored  indefinitely  at  room  temperature  in 
acetone  or  alcohol  or  for  up  to  3  months  in  water  at  4°  C.  For  large  scale  or  clinical 
use,  it  would  be  more  convenient  to  store  the  spheres  in  the  dry  state.  A  method  was 
developed  to  store  the  spheres  dry  by  coating  the  spheres  with  concentrated  (1 0  %) 
solutions  of  dextran,  polyethylene  glycol  or  albumin  before  drying.  In  the  dry  form, 
the  coated  spheres  may  be  easily  resuspended  in  water,  but  it  is  unknown  to  what 
extent  the  coating  macromolecules  are  washed  off  after  resuspension. 

3.  The  reactive  aldehyde  groups  produced  as  a  consequence  of  cross-linking  with 
glutaraldehyde  were  easily  quenched  with  glycine.  Glycine  quenching  increased  the 
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anionicity  and  thereby  increased  the  hydrophilicity  of  the  spheres.  When  1 4-C 
glycine  was  used  for  quenching,  the  spheres  were  also  labeled  with  14-carbon  for 
tracking  the  spheres  in  biological  systems  and  autoradiography.  The  spheres  were 
also  labeled  with  silver  for  easy  identification  during  transmission  electron 
microscopy.  The  ease  with  which  these  amine  compounds  were  attached  to  the  surface 
encourages  the  potential  addition  of  antibodies,  drugs,  enzymes,  and  other  biologically 
active  molecules  to  the  surface  of  the  spheres. 

5.  The  cross-link  density  of  albumin  microspheres  in  the  1  -1 00  n.m  range  was 
easily  controlled  by  varying  the  concentration  of  the  cross-linking  agent.  The 
hydration  swelling  of  the  spheres  was  shown  to  vary  inversely  with  the  degree  of 
cross-linking.  This  has  serious  potentially  consequences  for  the  use  of  albumin 
microspheres  and  submicrospheres  because  the  dry  size  of  the  spheres  is  the  size 
most  often  reported  in  the  literature,  yet  as  seen  in  this  study,  the  actual  hydrated 
size  may  be  considerably  greater  than  the  dry  size.  For  example,  the  submicrospheres 
produced  in  this  study  increased  their  average  diameter  four  times  on  hydration. 

6.  The  rate  of  in  vitro  enzymatic  degradation  was  shown  to  increase  with 
decreasing  cross-link  density  and  increasing  enzyme  concentration,  but  was 
independent  of  size.  The  extent  of  degradation  was  shown  to  depend  on  the  cross-link 
density.  The  spheres  did  not  degrade  completely  in  vitro,  but  yielded  a  60,000 
molecular  weight  degradation  product  and  a  high  molecular  weight  fragment 
(molecular  weight  greater  than  1 ,  000,000)  which  appeared  to  be  resistant  to 
further  enzymatic  degradation. 
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7.  The  submicrospheres  absorbed  drugs  such  as  primaquine  (up  to  41  wt  %), 
adriamycin  (up  to  48  wt  %),  and  cis-platinum  (up  to  1 .5  wt  %)  from  solution  after 
synthesis.  Drug  uptake  was  shown  to  be  pH  dependent.  Several  drugs,  5-fluorouracil, 
methotrexate,  mitomycin,  and  hydroxyurea  showed  no  affinity  for  the 
submicrospheres.  Incorporation  of  polyglutamic  acid  into  the  spheres  during 
synthesis  generally  increased  slightly  the  drug  uptake  by  providing  more  carboxyl 
groups  for  the  drugs  to  bind  to.  Glycine  quenching  generally  decreased  slightly  the 
drug  binding  by  eliminating  aldehyde  groups  which  may  bind  drug  molecules. 

8.  Low  molecular  weight  drugs  loaded  into  the  spheres  after  synthesis  can  be 
released  by  diffusion  out  of  the  spheres.  Under  infinite  sink  conditions,  70-90  %  of 
the  released  primaquine  was  released  in  2  hours.  The  remainder  of  the  released  drug, 
up  to  about  80-85  %  of  the  loaded  drug  was  subsequently  released  in  the  following  4 
hours.  It  is  important  to  note  that  the  spheres  released  ail  of  the  loaded  drug  only  after 
degradation  of  the  spheres.  In  tissue,  where  the  fluid  turnover  would  be  much  slower, 
drug  release  could  occur  by  degradation  of  the  sphere  allowing  complete  release  of  the 
drug  load. 

8.  A  macromolecule  (CMC)  was  incorporated  into  the  spheres  during  synthesis. 
The  CMC  was  partially  released  (20  %)  from  minimum  cross-link  density  spheres 
by  diffusion.  This  release  was  increased  to  55  %  with  degradation.  The  maximum 
cross-link  density  spheres  did  not  demonstrate  any  diffusional  release  of  CMC  but 
released  55  %  of  the  CMC  load  with  degradation.  These  results  indicated  that  even  if  it 
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takes  some  time  for  degradation  of  the  spheres  to  begin  in  vivo,  it  is  still  possible  to 
release  a  limited  amount  of  a  macromolecular  drug  by  diffusion. 

9.  Albumin  spheres  (1  and  20  nm)  degraded  completely  in  both  a  subcutaneous 
Lewis  lung  carcinoma  and  in  muscle  tissue  in  mice.  The  rate  of  degradation  was 
independent  of  size  but  decreased  with  increasing  cross-link  density.  The  minimum 
cross-linked  spheres  were  degraded  in  18  days  and  the  maximum  cross-linked 
spheres  were  degraded  in  55  days  in  muscle  tissue.  The  minimum  cross-link  density 
spheres  were  degraded  in  1 6  days  in  tumor  tissue.  An  interesting  observation  was  that 
the  tumors  regressed  12  days  after  injection  with  the  bovine  albumin  spheres, 
however,  it  is  unclear  whether  the  regression  was  statistically  significant.  The 
smaller  spheres  dispersed  through  muscle  tissue  better  than  the  larger  spheres.  In 
the  tumor  tissue,  the  smaller  spheres  were  administered  in  three  separate  injections 
and  were  well  dispersed  through  half  the  tumor.  These  results  indicate  that  future 
studies  involving  i.m.  or  i.t.  injections  of  microspheres  and  desiring  maximum 
dispersion  of  the  spheres  in  the  tissue  should  utilize  the  smaller  spheres  (1  ^im) 
administered  in  several  separate  injections. 

1 0.  Submicrospheres  were  unable  to  stimulate  phagocytosis  in  vitro  in  rabbit 
blood  cells  as  larger  albumin  spheres  have  been  shown  to  do.  There  was,  however,  a 
small  amount  of  up  take,  primarily  by  eosinophils.  It  is  possible  that  there  is  a 
minimum  size  sphere  required  for  stimulation  of  phagocytosis. 

1 1 .  Isotope-labeled  submicrospheres  were  rapidly  removed  from  the  blood  of 
rabbits  after  intravenous  injection.  An  estimated  2  %  of  the  injected  dose  remained  in 
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the  blood  after  2  hours,  although  labeled  degradation  products  continued  to  circulate 
for  several  days  afterwards.  Initially,  a  high  concentration  of  the  spheres  were  traced 
to  the  liver  but  decreased  rapidly  thereafter.  The  retention  of  the  albumin 
submicrospheres  was  very  similar  to  the  retention  of  albumin  coated  nanoparticles 
reported  in  the  literature  (22).  On  the  basis  of  circulatory  retention  time,  the 
albumin  submicrospheres  produced  in  this  study,  while  demonstrating  an  ability  to 
absorb  a  large  amount  of  certain  drugs,  do  not  have  a  significantly  greater  potential  as 
a  systemic  drug  delivery  system  than  the  nanoparticles  reported  in  the  literature. 
However,  the  reappearance  of  labeled  degradation  products  in  the  circulation  may 
indicate  a  potential  means  for  release  of  drugs  covalently  bound  to  albumin  spheres. 
Degradation  of  the  spheres  may  allow  the  bound  drug  to  circulate  while  covalently 
attached  to  protein  fragnents. 
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